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(57) Abstract 

A system (10) and method by which an orthodontic appliance (25) is automati- 
cally designed and manufactured from digital lower jaw and tooth shape data (26) of a 
patient (14) provides for scanning, preferably from a model (20) of the patient's 
mouth, to produce two or three dimensional images, and digitizing contours and se- 
lected point on the patient's teeth and jaw. From the scanned individual patient data« a 
computer (30) constructs archforms and calculates finish tooth positions, then designs 
an appliance (25). preferably including archwires and brackets, to move the teeth to 
the calculated positions. Lower teeth are positioned at the gums on an arch defined by 
the lower jaw bone and modified to best fit the tooth tips on a smooth curve. Then up- 
per archforms are derived from the lower archform. Crown long axes of the teeth are 
derived and optimally inclined in the treatment which places ail lower teeth but the cu- 
spids in a plane and fits the occluding teeth to them. Overlaps for the upper incisors 
and cuspid rise are calculated. Brackets each have a base and an archwire support in 
which an archwire slot is to be cut to a custom inclination, depth, location and cunra- 
ture, in a blank clamped to an inclinable holder, using a blade of a cutting machine 
(39). The holder and blade are moved by commands from a computer (30c). An arch- 
wire is automatically formed by a wire bender (40) into an optimize smooth arcuate 
shape and optimal low profile bracket design. Arch equations preferably start with a 
cubic spline equation and are converted to the form of a series of circle segments for 
machine control instructions for a numerically forming equipment. Placement jigs, si- 
multaneously designed and automatically made with numerically controlled machin- 
ery (41) for positioning and orienting the appliance at connection points on the teeth, 
each have a surface custom shaped to the contour of a tooth. The machines (38-41) for 
making the brackets, wires and jigs are driven by commands derived from digitized 
tooth and jaw shape data and from digital representations of the tooth finish positions 
and appliance design. 
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CUSTOM ORTEODOKnC APPUANCE 
FORMING METHOD AND AFFARATOS 

The pmeat inveacioo reUtei to the design, mmufftcture and use of oithodoatic applxances for the 
straightening of teeth, and more particularly, to the niimmwrrri design, manufacture and use of custom 
5 orthodontic ^pliances based as individual parent anatomy and to the diagnosts of patients therefor and the 

treatment of patients thenwkh. 
BnckgoitB^ qf ^ ^ggS5i 

The oftfaodontie treatment of patients has as its fundamental objective the repositionittg or realignment 
of the teeth of a patient in the patient* s mouth to positions where they function optimaUy together and occupy 
10 relative locations and orientations thai define a pair of oppased tod cooperatisg planar, or nearty planar, 

smooth arches. The teeth of the two arches, the maxilUfy arch of the teeth of the upper jaw and the 
mandibular arch of the teeth of the lower jaw, when in an optimal or ideal position, contact the teeth of the 
opposke arch along a sorfaoe that it usually flat or slightly t^wardly concave and oommonty refened. to as 
the plane of oodusion. 

15 The treetmieat applied to padaots who have been diagnosed as having teeth insufftdeatly dose to the 

ideal positions to require otthodootfte eoneetkm includes an initial or rough procedure to overcome the more 
serious defects of tooth positioning followed by a fuisb treatment designed to bring the teeth as closely as 
possible or practical to their Ideal positioos. The rough treatment usually involves the movement of certain 
teeth through the uae of any of a number of recognized techntquea performed by an orthodontist, and 

20 sometimes procedures such as the cactraction of certain teeth or surge^f on tlie patient's jaw pecformed by 

an oral surgeon. 

In the finish treatment, the orthodontist applies an appliance, or set of braces, to the teeth of the 
patient to exert continual forces on the teeth of the patient to gradooUy urge them toward their ideal positions. 
The application of the appliance usually involves the attachment of bradceu to the teeth, either with the 
25 application of adhesive to the teeth or the securing of bands around the teeth. The brackets are usually each 

provided with a slot through which an arcfawire is eactended. One archwire is provided for the upper teeth 
and one for the lower teeth. Typically, the slots in the brackets are of rectangular cross-section and the 
^1''* arcfawire is of rectangular cross-section. The archwire installed in the dots of the brackets interconnects the 

teeth, through the brackets, and exerts forces on the teeth to translate or rotate them toward a finish position 
* 30 envisioned by the orthodontist 
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It has beta recognized in the design ud opplicatioa of oithodootic appltinces thai an ideaUy designed 
and installed orthodontic appliance will present the slou of the bracketa in a position to initiaJly receive a 
preahaped aicbwire that will elaoically deform to exert corrective forces on the teeth to urge them toward 
tbetr finish positions. When in their finish positions, the archwire of the ideally designed appliance wiU do 
5 longer be elaoically deformed, and will no longer exert forces upon the teeth. Achieving this objective has 

been inhibited by certain problems in the prior art. 

One problem presented by the prior art is that current orthodontic products are designed and 
manufactured to average anatomy. As a result, orthodontists are faced with the need to select what they 
perceive to be the brackets and archwires of the closest design to those required by a particular patient, and 

\Q to modify the designs for treatment of the patienL Some of this modificotton may be perfonned when the 

appliance is initially installed, but almost inevitably modificatioo ii required during the course of treazraeot 
of the patient. This modification may take the form of the replacement of bracketa, but most commonly 
requires a periodic beading and reshaping of the archwiro as the treatment progresses. Thus, the treatment 
of the patient has become a manual feedback system in which the orthodontist monkors the progress of the 

15 patients treatment and then readjusu the appliance, usually by bending the archwires, to correct the forces 

being applied to the teeth to bring the teeth to their oltimste positions, which are less than ideal . As a result, 
the patient may be subjected to treatment over a period that is longer than would be necessary if the appliance 
were initially made to the optimum design. In addition, the time required of the orthodontist for 
implementation of the treatment m^ be several times greater than it would be if modification of the appliance 

20 were unneceesaiy. Thus, the orthodontist u able to treat fewer patients and the cost of the treatment to the 

patient or to the orthodontist b increased. 

Location of the connection points for the appliance to the teeth also presents a problem in the prior 
ait. Typically, brackeu m bonded to the teeth and then interconnected by the installation of the archwires. 
Thb is done when the teeth are in their malocduded positions, with the orthodontist having only a mental 

25 vuion of where the fmish positions of the teeth wiU be and where the bradceu are to be placed to move the 

teclh to those finish posttions. For more effective use of the appliance and to promote ease in cleaning the 
teeth, the orthodontist prefers to locate the brackets and archwires away from the gums. If they are placed 
to close to the tips of the teeth, however, they may Interfere with the teeth of the opposite arch as the teeth 
approach their finish positions. 

30 Another problem of the prior art thai has inhibited the selectioa or design of an ideal orthodontic 

appliance for the paileat hs the difficulty in ainvmg ai an expression of the ideal fmish position of the teeth. 
Orthodontista typtcally make models of the patient*8 mouth and, with the modds and the aid of x-rays, 
determine a treatment to move the teeth to finish tooth positions. This process is time consuming and 
presents a source of mot and inaccuracy. From the measurements and band on the judgment of the 

as orthodontist, appliance componenu are selected to implement the prescribed treatment In reality, the 

treatmettt of patients la hi many eases more of an art than a science, with results ranging from poor to 
exoelleat, and generally variable. 

The need for custom manufactured orthodontic appliances and the use of automatic design techniques 
has been recognaed by some, while others have advocated adherence to standard co mpon e nt s and manual 

40 techniques in view of a perceived lack of practical custom appliance manufacturing and automated appliance 

design systems of the ait. 

The development of automated custom appliance design systems has encountered several difficulties. 
These difficulties have included the task of developing an automsted system that includes reliable and efficient 
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decutoa mduDg algorithms and tficfantquei for automsttcaUy deunointDg an ideal finish position of the teeth. 
Further, these difncultiee have included arriving at oa expressioo of sppltanoe geoonetry in tenns thai can 
be efftcieatty produced by f"»"Tn**^ appliance manufacturing equtpment. Funhennorc, the prior ait has oot 
provided a way to accurately manufacture an appliance on an individualized basis in accordance with the 
5 appliance design . An additional problem in the automated design and manufacture of orthodontic appliances 

liee in the difTiculcy in designing the custom design system to take into account the professionally recognized 
pammeteiB and criteria, derived over many yean from the knowledge and experience of the practicing and 
clinical onhodontia. upon which diagnosis and treatment is based. 

Accordingly, there is a great need in orthodontics for a practical, reliable and efftcient cusb^m 

10 appliance automatud design and manufacturing system, and method of providing custom appliances and 

treating patients therewith. 
^^»«m^r^ pf the InTeotion! 

A primary objective of the present invention is to provide a practical , reliable and efficient custom 
appliance nirt^mn^H design and manufacturing system and methods of automatically designing custom 

15 orthodontic appliances and treating patients therewith. 

It is a particular objective of the present invention to provide an automated custom orthodontic 
appliance design and manufuturing system that can be easily and rdiably used by practicing orthodontists 
and that will make best use of the skills, knowledge and experience diat the orthodontist possesses. It is a 
further objective of the present invention to increase the aceura^ of the orthodontist's treatment, to render 

20 the use of the orthodontist's time more effieient, to eliminate sources of error and goesswoik from the 

orthodontist' streatment of patients, and to efTicieatty , repeatedly and reliably perform automaticaUy the many 
of the routine steps in the diagnosis, prescription and inqrfemeatatioa of orthodontic treatment and in the 
design and manufacture of oithodontte appliances. 

It is a further objective of the present invention to improve the practice of orthodontics by aiding the 

25 practitioner in achieving opcimal finish treatment ofpatieats and in inore accurately detennining^^ 

achieving the finish placement of a patient's teeth. An additional objective of the present invention is to 
provide for the fiycvmul^M**ff of data ftom Individual patients for the analysis of the data to advance the 
orthodontic ait. 

It ii still another objective of the present invention to apportion tiie tasks involved m the design and 
30 manufacture of euatom appliaitoes most efficiently between orthodontist and appliance manufacturing facility 

in aecordanee with the scale and other particulars of the individual practitioner operation. 

According to the principles of the present iaveation* a system and method are provided which depart 
from traditional design and manufacture by designing orthodontic qtpliances around the anatomy of the 
individual pntieoL Further, unlike current orthodontic products that ue designed and manufactured to 
35 average anatomy, the orthodontic products of the present invention and the methods of manu&cturing and 

using them are tailored to the individual anatoniy of the paCseoL 

In accordance with the preferred embodiment of the present invention, there is provided a 
computerized system and method with which finish positions of the teeth of a patient are derived from 
digitized information of anatomical shapes of the patients month, an orthodontic appliance is automatically 
40 designed from the digitized shape information and the derived tooth finish positions, machine code is 
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generated for productioo of Uie orthodontic epplianoe and oommunieated to NC macfainei, aod tbe appltaace 
is automatxeaJly fabricated with the machinca in rcaponae to the machine code. 

In accordance with the preferred and iilutrated embodiment of the investion, the digitiTcri 
information is generated from mcasurementi from the mouth of the patient, either taken directly or from a 
model thereof, aod preferably iodudea tnformaiioo of the shapea of the individual teeth of the patient and 
of the patient*! tower jaw. 

In the preferred embodiment, the floiib tooth position derivation tncludca the derivation of one or 
more archforms, preferably eoafonning to a dcdetal archform defined by the shape of the lower jaw. Tbe 
appliance is also configured is accordance with the shape of the derived archform, preferably with a 
mandibular skeletal archfom having size and shape conforming to that of the trough of the lower jaw. In 
the preferred embodimenta, ft^^ archfoms are constrvcted using informatk>n of the shapes of the 
individual teeth and the lower jaw skeletal archform to deAne tbe positions of the buccal cu^s and inctsal 
tipB of the mandibuUr teeth. Che ig^fgtnmi ridges of the upper posterior teeth, and the Ibguai points of 
ocdusion of the upper anterior teeth to position the teeth according to a prefierred treatment plan. 

in certain preferred embodiments of the invention, the digitized data is taken by measurements of 
the patient's individual teeth and tbe data is reduced to certain landmark data that becomes key to effective 
and eHicieat arrival at highly preferred finish tooth positions. Tbe individual teeth are arranged on the 
various derived arcbfotms with mesial and distol contact points of adjacent teeth in contact The spacing 
between the opposite contact points of each tooth are preferably extracted from acomputerized image formed 
in horizontal plan views of the patients teeth. Fotthermore, relative locations of the ancini tips, marginal 
ridges, gingival contact potnu and tbe eactenal surfaces of the teeth to whieh tbe spplianeo oonnecti, for 
example, by the mounting of bradcets, and which oedude with teeth of the opposito jaw, are determined by 
digitizing vertical profiles of the surfaces of the crowns of the teeth. Hiia data is reduced Co define contact 
poinu of tho mandibular teeth witti tbe lower jaw, such as the gingival center poims, to define crown axes 
of the teeth, and other parameters that are amenable to manipulation whh a simple and rdiable dgorithm in 
calculating the finish positions of the teeth. The landmarlcs also indude intercusp and inter ridge spadng 
measurements that provide % basis for preser&ing arch expansion treatment with exactne s s based on the 
computer aided calculatiosofpffeclBeffaiiih tooth positk>ns. Further, the tooth position calculations provided 
improve upon p rior o ttbodofitae prnctiee by preserving erown long axis indinotios an glcs ^ 
to preferred crown long axis incUnatioo angles for pc^wlation groups according to seed values thst are 
statistically improved upon by the present inveotlon. 

In certain embodiments of the iavention, images are digitized to produce the tooth and jaw shape 
AmHk Preferably, tbe images indnde a scanner which. In one form, generates a video image from which 
sdected points are digitized to produce data from which finish tooth positioaing and appliance design is 
carried ouL Altamotlvely, three dimensional imaging of the teeth and jaw of tbe patient is carried out with 
laserorotfaerscaxuer to form frill three dimensional images of the teeth and jew of the patient. Tbeimagei 
m^ be formed from the patient's teeth and jew or from a modd thereof. Addkional data is digitized by 
taking vertical profiles of the patient's teeth, either by tracing with a computer the three dimensional images 
generated with other scanners, or by scaiming with a mechanical contact probe or with n non-contact probe 
the individual teeth of the pstlent, or modd thereof. The data may be token directly from the patient using 
CAT scans, MR], positron emission tomography or other technique. 
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Also io accordance whh certain cmbodixneati of the invention, the fmiifa tooth positiomog includes 
the establishment of cuspid rise criteria by rigorous calcuJaiions made from measured and g jtfi tticai 
iinju-om;«-4j (Uta so that the bei^ of the cuspids and other teeth can be adjusted rdative to each other so that 
the teeth can be positioocd to guide the jaws into proper occlusion. With the preaeoi iovcattoo. numerical 

S relattoDsfaips are provided for cuspid rise that are an improvement of the prior art 

In accordance with certain preferred embodimotts of the invention, an arcbwtre forming machine 
that is responsive to NC code is driven by signals generated by a computer that reads input data of anatomical 
shapes of the patient* ■ mouth, is provided to automatieally form an arcnatA appliance that interconnects the 
teeth to move them toward their finish positions by rotational tnd trsnslational forces applied in throe 

10 difflenstottseachbythearcuatoappliattce. Generally, the arcuatoapplioiice is an arcbwire, and the machine 

for forming the appliance includes an archwire forming machine that it responsive to NC code is driven by 
signals generated by a oomputer that reads input data of anatomical shape of the patient's mouth, preferably 
of the patient's jaw and teeth, derives the tooth finish positions and arcfawire and bracket designs that will 
move the teeth to the calculated finish positions, and generates the machino code to produce the arcfawire in 

15 accordance with the design. Preferably , the archwires hacve shapes that oonfonn to archforms related to the 

fmish tooth positions, particularly to the shape of the patient's lower jaw, and is represented as a series of 
segments of a continuous archwire that each have a constant radius of curvature over the length of the 
segment, and that preferably join adjacent segments in a smooth transition, with the segments tangent where 
thej join. 

20 Further in accordance with certain preferr ed embodtmeats of the invention, a bracket fabricatioo 

machine, also re^onsive to NC code, is driven by simOai si^ials from a oomputer responsive to computer 
generated finish tooth position calculations and digitized tooth diapedasa. Preferably, the brackeu have bases 
that mount OS compmer determised positions on the teeth and have slots to reeelvo oidiwires that are inclined 
at computer determined angles. The fabrication of the bradcett may Indode the fonnatloD of a slope and/or 

25 curvature co the mounting surfaces of the bases of the brackets, or, as with the iUustrated embodiment, by 

cutting custom slots in the brackets. In the prefened embodhnect, the design and manufacture of the 
archwires and brackets are intectelsted so that the curve of the archwire b optimized to mhiimhg curvature 
changes and the brackets are optimize Co mttiSmW^ their profiles, or the distances from the bases to the 
archwire slots. The calcutstions provide a basis for the selection of app ro priat e bncket blanks for the 

30 optimized spplisnce design. 

AddklonaUy , in accordance with other aspects of the invention, one or more placement fbttores are 
maaufocuired fhnn the inpot data and the calculatBd tooth positions for locatingpoists cm the teeth, preferably 
detennined by the computer, for the connection of the appliance to the teeth, such ss for the mounting of the 
bfockeu to the teeth. The fixtures prefSerably include « aet of bracket placement jigs, one for each bracket 

35 that is to be mounted on a tooth, to position and hold thebracket to the tooth so that it can be secured thereto 

in a precise mounting location. The jigs of the preferred embodiment include a tooth profile or three 
dimensional surface that fiu against the tooth to precisely locate the jig on the tooth and hold a bracket at 
a precise position and inclination thereon so that it can be secured to the tooth with adhesive. 

With the present iuventioo, a custom orthodontic sppliance is fabricated under the control of a 

40 computer directly from dau taken from the teeth and/or jaw of a patient or a modd thereof. The appliance 

80 formed, wbeo connected to the teeth of the patient, moves the teeth of the patient to precise calculated 
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fioish positxmi withoui the need for the orthodontia to bead archwirea over the courae of the treaunent. As 
a result, the orthodontist's time is conserved, the treatment of the patient is achieved in a shorter amount of 
time and the fuish positions of the teeth are more oearty ideal, and consistently to, thaa those achieved with 
the procedures of the prior ait. Furthermore, the appliance fabrieaiing processes reeult in the generacioo of 
5 Hitut usefiii in establishing treaunent techniques and cnteria. that will improve the practice of orthodontics. 

Further, movement of the teeth to the fmisfa positions calculated in accordance with the present 
inveatioo results in far more stable placement of the teeth than with other methods of the prior art which 
often experience movement of the teeth to inferior positions after the orthodontic treatment is terminated. 

These and other objectivea and advantages of the present invention will be more readily apparent 
10 from the foUo^g detailed description of the drawings in which: 

Brief DeaoriBtioB of the IVawmfls : 

Figs, 1*1F arediagranu illostrattng thepreferredcmbodimenu of the ctem of the present invention, 
of which: 

FSg. 1 is a block diagram iUustrating one preferred embodiment of an automated system for the 
15 design and manufactore of custom orthodootie appliances for the treatment of patieau therewith according 

to the principles of the present imreation. 

Fig. 1 A is an elevational diagram of n video graphics isuge forming embodiment of the data input 
ponton of one embodiment of the scanner of the syAcm of Fig* 1. 

Fig. IB n an elevationaJ diagram of a User scanner version of a three dimensional graphics imaging 
20 embodiment of a scanner of the system of FSg. 1. 

Fig. IC u an elevattonal diagram of a meehanieal tooth profile probe scanner version of a two 
dimensional imaging portion of oae embodimeat of the scanner of the syston of Fig. 1. 

Fig. ID is an isomelrie diagram of one embodiment of a bracket cutting device of the syitem of 

Fig. 1. 

25 Fig. IE is an iaometric diagram of oae embodimeat of a wire forming device of the system of 

ng. 1. 

Fig, IF is an isomelrie diagram of a braclCBtplaeeaieat jig fbrmtag device of the system of Fig. 1. 
Figs. 2-2Z are flow chart diagraoBS of the piefcr rc d methods of carrying out the present invention, 
of which: 

30 Fig. 2 ba flow chaitofoneprefenedembodiment of the proccsaof the peeseot invention performed 

with the system of Fig. 1. 

Flg« 3A is a more specific flow chart iUustrating the steps of the input procedure of automated tooth 
positiofUng and ippliaooe design and manufacturing operation of the process of Fig. 2. 

Fig. 2B is a more ipeelfie flow chart iUustrating the tteps of the analysis and tooth finish position 
35 calculating procedure of the automated tooth positioning and appliance design and manufacturing operation 

of the process of Fig. 2. 

Fig. 2C la a more specific flow chart Ulusrating the neps of the custom appliance design procedure 
of the automated appliance design and manufaeturing operatioo of the process of Fig. 2. 

Fig. 2D is a more specifie flow chart iUustrating the steps of the custom appliance manufacturing 
40 procedure of the automated tooth positioning and a^^Iiance design and manufactoring opetation of tbeprooess 

of Fig. 2. 
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Fig. 2C U a detfiiJed Qow cbait Ultutraling the substeps of tbe identificatioo dalA inpui aep of tUc 
input procedure of FSg. 2A. 

Fi8» 2F is a detailed flow chart illusSratang the nbtrpg of the patient hirtory and treatmeaidataiaptU 
Step of the izq»ut procedure of Hg. 2 A. 
5 Fig. 2G is a detailed flow chart illustraticig the subsieps of the mandibular booe and borixontaj tooth 

dtmeoaioa data input step of the input procedure of Fig. 2A. 

Fig. 2B if a detailed flow chart illuatrattng the substcps of the maxillary horizontal tooth dimension 
data input aep of toe input procedure of Fig. 2A. 

Fig. 21 is a detailed flow chart illustnting the tubsteps of the individual tooth vertical profde data 
10 input step of the input procedure of Fig* 2A. 

Fig. 2J ti a decailcd flow ebait iUuAnting the substcps of the individual tooth profile analysis and 
landmark identification step of tha analyila procedure of fig. 2B. 

Fig. 2K is a detailed flow chart Ulustrtting the tubsteps of the cuspid rise calculation step of the 
analysis procedure of Fig. 2B. 
15 Flg^ 2L ts a detailed flow chart tUustratlng the substeps of the mandibular preliminary horizontal 

tooth fmisb position calculation step of the analysis procedure of Fig. 2B. 

Fig. 2M is a detailed flow chart illuftrating tbe substeps of the best fa mandibular cusp arch equaiioo 
calculation step of the anatyiis procedure of Fig. 2B. 

Fig. 2N is a detailed flow chart aiuorating tbe substeps of tbe calculation step of the mandibular 
20 tooth fmish position on the best fit mandibular cu^ arch equation of the anatysia procedure of Fig* 2B. 

Fig. 20 is a ^**»it**» flow chart illustrating the substeps of the maxillary horizontal tooth finish 
position calculation step of the analysia procedure of Fig. 2B. 

Elg. 2P is a detailed fk>w chart illusttating the substeps of the oiasdtbalar archwire plane calc^ 
step of the appliance design procedure of Fig* SC. 
25 Fig. ?Q t* ■ ^^«n <irf flnw ctuut illutftating tha subtteps of the mandibular braclcet slot inclination 

calculation step of tbe appliance desipi procedure of Fig. 2C. 

Fig. 2R is adetailed flow chart illuArating the substeps of the maxiDary arcbwire plane calculation 
step of the ^pliance design procedure of Fig. 2C. 

Fig. 2S is a detailed flow chart lUustrating the substeps of the maxillary bracket slot inclination 
30 calculation step of tbe appliance deaigo proeedure of fig. 2C. 

Fig. 2T is a detailed flow chart iOusttating tbe substeps of tbe mandibular archwire and bracket slot 

in-out dlmensta calculatai step of the appliance design procedure of Fig. 2C. 

Fig. 2U is a detailed flow chart ilhntrating tbe snbstcpeof tbe maxillary arcbwire and bracket slot 
in-out dimeaaioo calcul^n step of the appliance design procedure of Fig. 2C. 
35 Fig, 2V is a detailed flow chart SBmmarizing the substeps of the bracket placement jig shape 

calculotioa step of the appliance design procedure of Fig. 2C that is illustrated m more detail in the flowchart 
of the jig modification step of Fig. 2Z described below. 

Fig. 2W is a detailed flow chart illustrating the substeps of the cubic spline curve fitting, Gpline to 
circle oonvernon and tooth placemeot calculation subfoudnes employed in placing teeth on calculated 
40 archforms in certain steps of the tooth poatioaittg and appliance design and manufocturtng operation of 

rig* 2C. 
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Fig. 2X is a deuiled flow chafti Ulus&aiiag Uie NC code geacratioa and ilo( cotiDg tubAepi of the 
bracket manufacturing ttep of the procedure of Fig. 2D, and fi^. through 2X*4 arc more detailed 
flowchaiti iUuttmting fubttepi of Fig* 2X. 

Rg. 2Y is a detailed flow chart of the tubsteps of the wire bending code generatioo and wire 
5 mafiufactnnng step of the appliance manufactuiing procedure of Fig. 2D. 

fig. 2Z is adctailed flow chart iilustraiisg the fubsups of the Jig manufacturing step of the appliance 
manufacturing procedure of FSg« 2D. Figs. 2Irl through %Zr4 are more detaUed flowcharts Olustrating 
details of lubsKeps of Fig. 2Z. 

Figs. 3-3C are illusaattons of graphics cotnputer images produced in the input procedure, in which: 
1 0 fig. 3 ig a an example of a computer display of a video image generated by the scanner of the system 

of Fig. 1 illustrating in a top plan view a mandibular model produced by the scanner of the shown hi 
ftg. lA. 

F^. 3A is a an example of a portion of a three dimecsxonal digital image, illustrated in perspective, 
and produced by the scanner of the type shown in Fig. IB. 
15 f^, 3B is ao illustration similar to Fig. 3A of another portion of a three dimensional digital image 

produced by the scanner of Fig. IB. 

Fig. 3C is an exan^le of a set of vertical tooth profile images produced by the scanner of Fig. IC. 
Flgs« 4-4E are plan views of the teeth of the patient on tooth placement archlbrms at various stages 
of die tooth positioa calculstlon procedure of Fig. 2B, of which: 
20 Fig, 4 is a geometric diagram iUustrating a horizontal plan view data input screen showing 

diagrtonmatieally the video Image of Fig. 3 used as a template, with variables relevant to the digitizatioo of 

<4f frrm fMn^"'** vlAmn lm«g» maAwi theraon. 

Flf. 4A Is a geomelrie diagram similar to Fig. 4 for the maxillaiy teeth. 
Fig. A is a geometric diagram plotting horizontal mandibular archforras calculated through the 
25 analysis procedure of Fig. 2B. 

Fig. 4C is a geometrie diagram plotting horizoatal maxillary arehforms calculated through the 
analysb prooedure of Fig. IB. 

Fig. 4D is a horizoatal plaa diagram showing the maxillary teeth in their finish positiona. 
Fig. ^isahorizoaial plan diagram showing the mandB)ular teeth in their finish positions and with 
30 the custom appliance in place. 

Fl^. 5-5P are "^■♦^i caleulstioa diagrams for reference in oonneedoa with spline co circle 
conversion and tooth placement routines of Fig. 2W, in which: 

Fig. 5 is a horizontal plan diagram illustrating the phfrmfjt of a tooth on aa archform equation 
described la circle segment form. 
35 liSyL 5A*5J are detailed diagrmms of the ipltne to circle convenioa and tooth placement subroutines. 

Figs. 5K-SP are detailed diagrams of the tooth placement sobroutitte. 

Fi9« MI are ^agrams of tooth profiles Uiustrating landmaifc determinattoa, tooth inclination and 
vertical positioning, in which: 

Fig. < b aa isometric image of a three-dimeasiooal computerized represestation, similar to Fig. 2B, 
40 of a molar showing the locations of altBroative vertical labial-lingual profile planes and tooth profiles. 
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Hg. (A U t mathemstical (ootb profUe plot as illustraied oa the oomputcr tcreea of a the syttem of 
Fig* 1 of a mandibular molar showing s electe d landmark paramrten. 

Fig. 6B is a auohematical tooth piofUe plot, similar to Fig. 6A, of a mandibular cuipid or incisor 
showing selected landmark pammecen. 
5 Fig. 6C is a mathematical tooth pmfUe plot, similar to Fig. 6A, of m maxillary molar or bicuspid 

afaowtog selected landmark paruneters. 

Fig. 6D is a maifaemaucal tooth profile plot, similar to Fig. 6A, of a maxillary cvuptd or incisor 
showing selected landmark parameters relevant thereto. 

Ftg. SB is repieaeatBiioo of a diaploj^ aimilar to Fig. 3C. of an array of mathematical tooth profile 
10 plots of all of the tmh, angutorty oriented* with landmark parameters marked thereon. 

Fig. 6F is tcpreaemation of a display of an amy of mnrhenmrical tooth profile plots, similar to a 
portion of Fig. 6E, of the mandibular teeth with working horizontal placement planes marked thereon. 

Fig. 66 is mathematical tooth profile plot, similar to Fig. <A, of a mandibular pottcrior tooth with 
relevant dimensional variables for placement of the tooth marked thereon. 
15 Fig. 6H is mathematical tooth profile plot, similar to Fig. 6B, of a mandibular anterior tooth with 

relevant dimensional variablee for the placement of the tooth maiked thereon. 

Fig. CI is mathematieal tooth profile plot, similar to Fig. €B, of a the taUest mandibular tooth. 

Figs. 7-7D are diagrams for referenee is eonneetion with the finiafa tooth position calculation, of 

which: 

20 Fig. 7 is an devational diagram of the relationship of the Jaws of apatientfor Ohastiatiott of euspid 

rise occlusion calenlstioa. 

Fig. 7A is an enlarged view of a portion of Fig. 7. 

Fig* 7B is apian mathematical diagram Qlottrating certain of the mathrmirirs of tooth p l a ceme n t 
on the mandibular offset arch. 
25 Fig. 7C is a perspective diagram illustndng the relationship of the venlcal tooth profile planes and 

relevant horizontal arch planes in the course of tooth finish position calculation. 

Fig. 7D is n set of leUed devotional profiles of mandibular and maxillary teeth showmg occlusal 
and overlap rclatkuisbips in the course of tooth finish position cal cu lat io ns. 

F%s. MH are dia^ams for reference in connectioo with the stq)S of the custom a{q>lianee design 
30 procedure, of which: 

Fig. 8 is a diognun similsr to Fig. 7D iUustrating arcfawire plane and bmcket slot design on 
positkmed teeth. 

Fig. 8A is an devotional diagmn iUustrating a bradoet and dot configuratkm in connection with the 
diagram of Fig. S. 

35 Fig. O is a top view Ulustrating the rdation of a tooth to an arcfafonn by placement routine of 

Fig. 2W. 

Fig. 8C is a tooth profile diagram iUustrating the slot in-out dimension cdcdotioo. 

Fig. 8D is a perspective diagram iUustrating the placement of a custom bracket onto a tooth with the 
use of a custom plaeoneat jig. 
40 Fig. 8E is a plan diagram of a eustom archwire for the appliance required to move the mandibular 

teeth to the finish positions Ulustroted in Fig. 4E. 
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flg. 8FisapUadiagramiIliutmiog(belabiAi intfallatedsppliaaceoodieteecbofthepaliem in their 
initial potitions. 

Fig. 8G U 4 plaa diagram* itmilar to Fig. 8F, Ultutniing a lingual appliax^ce iatfalled oo the teeth 
of the patieat. 

Fig. 8H ts aa elevotioaal diagram iUustraling aa onhodootic lingual bracket of the appliance of 
Fig. 8G. 

Ftg. 81 ij a top view of a bracket having a base slot curvttttre coaformiog to that of an arcbwire 
supported therein. 

Figs. MW are diagrams relating to appliance manufacturing stqifi, of which: 

Figs. 9-9H relate to substeps of the biacket slot cutting code generation and bracket manufaccurtng 

step. 

Figs* 9I^W relate to the sobstepa of the bracket placement jig manufactnring otp. 

Detailed Descr ^rt^'- ffTt^* H'^^m 

The preferred embodiment of the invention provides a system and method for designing and 
manufacturing orthodontic appliances and for employing the appliances to oithodontically treat patients for 
the Btraigbtcomg of teeth. Unlike traditional oithodontic products, however, the appliances resulting from 
the practice of the present invention are designed around the anatomy of the individual patients, b further 
incorporates in its design criteria the parameters and professional treatment approaches of the treating 
orthodontists, and applies automated decision making processes tn the appliance design thnttnke into account 
the profeasionally recognized characteristics and anatomical landmarks of the p a t tc a t s. 

The overaU configutatioa of the system 10 is Olustrated diagrammaticaHy in Fig. 1. The overall 
operations of the preferred method of the invention are iUuttrated in the flowchart of Fig. 2. 

In accordance with the preferred embodiment of the invention as illusttated in Figk 1 and 2. 
examination of a patient is performed by on orthodontist at the orthodontist's ofTice for the purpose of 
assembling the information necessary to detenninethepatient*sco»dition, prescribe the appropriatetreaimcat, 
and specify the type of orthodontic spplianoe to implement the treatment. Hie information is then 
communicated to a remotely located appliance design and manufacturing facility where the design of a custom 
appliance for use hi administering the treatment is carried out with the use of computer analysis. The 
appliance design, together with the informatioa necessary for the orthodontist to install the appliance oo the 
patient is then transmitted back to the orthodontist, who installs the appliance and admintsters the treatment 
in occordaoce with the applfauce manufactures instructions and hu own professional expertise. 

la accordaace with alternative embodiments of •the invention, digitization of anatomical information 
for computer input is performed either at the appliance design and manufacturing fi&dlity , by the orthodontist 
at his office, or preferably divided between the two. Similariy» the ^esent invention contemplates the 
manufacture of the appliance to be performed at either the nppitaacc manufacturing facility, at the 
Orthodontists office, or preferably divided between the two locations and in accordaace with the analysis and 
design provided by the system of the present invention. 

The practice of the present invention involves the use of certain system hardware, tangible records 
of information, aodcommunicationa paths described below in connection withFig. 1 and related illustrations, 
and the performance of operations, procedures and steps described ia conneetioa with the flowchart of Fig. 2 
and related diagrams, all as set forth in detail below. 
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Ttmdnolorf and Conrtmtiont 
Throughout the descripUoD, refereacea are made to tangible elcoieota illuAnXed m the drawings and 
to actioofi performed by hood and by coiD{>utcr. In the descnptioo. numbos used to refer to nruccure or 
other tangible iteoia Ulusirated In the drawings of the preferred cmbodimeat appear in oooveatloaal form m 
5 the lexi, while numbers that refer to method oeps in the illusttated flowchart are enclosed in parentheses in 

the following descripdon. Leaer symbols are used to refer to geometric or matheoiaxical representations of 
variables, parameters, dtmeofitons and values, input into or calculated by a computa. tie into equations and 
iiiftgrmqB illustrated in the drawings, or correspond to computer codes or conceptual items set forth in the 
disclosure. 

10 Throughout this deacriptioo. the various teeth of the patient, ^> to Ihiity-two in ninnber, may be 

identiried as Tja^ or 7t/,5»/). where y designates the jaw (upper y a I/; lower:/ <■ A), where 5 designates 
the side (patient's right: S ^ R\ patient's left: S « L), and / designates the tooth by position relative to the 
jaw ceatmiine as follows: 

Central Incisor 
Lateral Incisor 
Cuspid 

First Bicuspid 
Second Bicuspid 
First (6 year) Molar 
Seeond (12 year) Molar 
Tliiid (Wisdom Tooth) Molar 
The wisdom teeth are, however, customarily not iavotved in onbodoaiie procedure and uniaUy are not yet 
preseot m the mouth of patients of treatment age. Ruthcrmore. the second molan are often not iavotved 
in ofthodontie treatmeaL To simplify th» deeeripUoa and dracwiap, however, these designations are 
25 eliminated except where they are necefisary to avoid ambiguity. Instead, thodeacription below states verbally 

when it relates to. for exBiiq>le, the lower jaw (thus making use of the / tubscr^t unnecessary) or where it 
rdatea to data or calculationa relevant to a particular or either side of a jaw (thus making use of the 5 
subscript unaeeessaiy). 

Further, many vatuee are calculated or measured for each tooth /, or for each of a limited group of 
30 teeth, as, for example, the mesio^loal width MDWor the mesial and distal sxtremkies M^j and D^j as in 

the description of step (300) bdow. Wbenrver possible, the / demgnarion is also eliminated and the 
description instead deaeribes how the variables relaie to the various teeth. In addition, where some values 
such as MDW diacussed above rdate to a tooth dimension or the distance between two points on a tooth (and 
may be repffCMated by a scaler value in a computer), other valuea such as the points and D^y. relate to 
35 points Jt# and D, respectively (and mscy be represented by a pair of X and y coordinates m a computer). 

Usually, the subscripu designating the two coordinates are omitted, and where helpful to clariiy the 
descTiptkto, a single one of the subscripts JIT or y may be used, such as with or D,, to designate that only 
the X or y coordinate ia employed, for example, in a calculation. 

40 Referring to the system diagram of Fig. 1, an orthodontic appliance manufacturing and patient 

treatment system 10 is illustrated. The system componeots are distributed between two locations, a doctor's 
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office 11 . and on applUcce desigD and manufacturiog facU'ity 13. At tbc doctor's omce U . a patieot 12. who 
requires onbodontic treaiment, it cxamiDed bj sa orthodontist 14, who makes a diagnostB 1 5 of the condition 
of (he patient and of the treatment, if any, needed. The examination involvca the traditional application of 
the ^ill. knowledge and expertise of the orthodontist 14, and resuiu ta the prcparatioo of detailed reoordi 

5 16 of Che anatomy and condition of the mouth iS of the patieni, of the treatment proposed, and of other 

information necessary to the preparation of aa orthodontic appliance. 

The records 1 6 prepared by the orthodonttst tachide a physical model 20 from a mold of the patient* § 
mouth 18, which includes a mandtbular model 21 of the patient's lower jaw or mandible 22 and a maxillary 
model 23 of the patient's upper jaw or maxilla 24. Tire records 16 also include prescription 27 wherein the 

]0 orthodontist sets forth a treatmem to be applied to the patkat and a result to be achieved by the treatment. 

The prescrtpcion 27 may also iadude a specifleatioa of techniques that are to be included in the treatment 
and a designation of an orthodontic appliaace to bo ea^toyed. The records 16 will further include 
identification information 17 and patient histoiy faiformation 19. 

la the illustrated embodiment of the iavcatioa, the records 16 are tr annnitrrd to the appliance 

1$ manufacturing facUity 13. at which the Aaish position ofthe teeth are calculated and a cusmm appliance 25 

LB designed and manufactured. The facility 13 is provided with one or more trained operators 2S. In some 
embodiments, the physical model 20 itsdf is transmitted in the taformatioa 16 to the faciliQr 13. In such 
casea, one of the primary functions of the operators 28 is to input digital infonnflUon 26 from the records 
16 into a computer 30a. Another f\mctioa is to operate the saaie or another computer 30b to design the 

20 custom appliance 25 , and to operate NC equipment 38 controlled by one of the same or another computer 

30c to manufacture the appliance 25. Where the inputmg, desi^ aad manirfaif re are performed at the 
appliance facility 13, the computers 30a, 30b aad 30e may be the some computer 30. 

la other embodiments of the iaveotioa, the otthodonti|t 14 digitizcf data from the modd 20, in which 
case the ii^uting computer 30 is located at the orthodontist's office 11. la these cmbod i mettts, the digitiied 

25 information 26, rather than the physical model 20, is transmitted to the appliance facility 13. The analyzing 

and appliance design computer is nonetheless preferably at the appliance facility 13. 

The entry of the information into the input computer 30 iavolvcs a digitizing of the information 16 
to produce the digitized anatomical information 26 in machine readable form for analysis by the analyzing 
coa^uier 30b. The input computer 30 connected thereto by a scanner 33, which, in the atterootivo 

30 embodinteats of the iaveation, includes equipment that employs one or more video cameras, mechanical 

probes, loser scoimers, uttnsonic scanners, moire image scanners or other forms of iaiaging or measureawot 
hardware that alone, or la combinscion with other such components, produce anatomical geometric 
infonnatioa that describes ttie patient's teeth and jaw. The images may be three-diffleaaional or be made 
along a plurality of plaiws or other surfaces that can ultimately be eombined to provide information in three 

35 dimensioos. 

The combined information ficom the scanner 33 of the illustrated embodiment provides a bods for 
three dimensional analysis of the patient' s teeth and from which calculations of fmtsh tooth positions can be 
made. From the fual positional calculations and tooth acotomy data, amomatic design and manufacture of 
the custom orthodontic appliance 25 is carried ouL In the illustrated embodiment, the data is imaged in a 

40 plurality of differenUy oriented two dimensiooai planes in the computer 30, then m at hem atically manipulated 
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and combined in (he computer 30b to conAnict a three dimeasioaAl tolutioo to the tooth positioning and 
appliance design problems. 

In a configontion in which the scanner 33 is connected to a separate dedicated tnputing computer 
30 is herein described, the ftutctionol equivaicnt of the inputing computer 30 may be included in circuitry 
S within the scanner 33 itself. 

Preferably, the digital mpvt process utilizes interactive methods by which an operator 28 uses a 
pointing device and digitizer to idea pacttcultriy nsetbl onhodontac parametert from graphics images 
produced by the scanner 33 on & screen 35 of a ditplay connected to the inputing computer 30. 

In embodiments where some or all of the extraction of the digitized anatomical information 26 from 
10 the model 20, which may also be derived directly from the mouth 18 of the paticm 12, is accomplished by 

the orthodontist 14 at the ortbodoatitt's ofHce 1 1 , the information 26 is digitized by the orthodontist 14 then 
transmitted as pan of the information 16 to the appliance design center 13 . The transmitted information 16 
is preferably trassmiticd from the orthodontist's ofTtce 1 1 to the appliance facility 13 by modem, but may 
be transmitted in any other available manner. 
15 An analysis and design computer 30b, preferably at the appliance design facility 13, produces on 

archive diskette 34 that is foanatted and writteo with all of the relevant infonnatioo of the analysis and the 
history and prescribed treatment of the patient 14. 

The computer 30b at the appliance facility 13 calculates, based on the digitized infonnation 26, the 
final position of the patient's teeth, and the configuration of the appliance 25 required to move the patient's 
20 teeth to this final or fmish posttion. As a result* calculated informotioa for the patient is stored in a patient 

,dau rUe 36. From the calculations the computer 30c prodticci CNC machine readable code 42 for operating 
NC manufacturing equipment 3B to produce the appliance 25. Ad insinictlon document or fOe 37 is also 
produced, cither by the con^uter 30b or the eompoter 30e, of information to aid the orthodontist 14 in 
treating the patient 14 with the custom apptianee 25. 
25 The manufiactnring equipment 38 includes an appliance bracket cutting or forming machine 39 which 

produces custom brackeU for the appliance 25 by cutting ^ts calculatrd anglea and to calculated depths in 
slotless generic brackets. The machine 39 may also or alteniatfvety shape the surfaces of the bracket bases. 
This provides the bracket design option of torqutng the teeth by either the bracket slot or base, as m^ be 
best for various bracket matfirials. 
30 The equipment 38 also includes an appliance arcfawire bending or forming machine 40 which 

produces custom sh^ed sfcfawires for the appliance 25 by feeding and bending wire of any one of several 
available mir^ rft'r and stiffiiesacs into the custom archwtre shape. The equipment 38 may also include a 
machine fbr forming patient treatment composienti and hardware to aid in the manufacture or installation of 
the appliance 25. In the Olustxated embodimeat, this faiclttdes a machine 41 for the making of bracket 
35 placement jigs, which cuts each tooth crown portion of the tooth profile into a plastic fonn, along with a 

t\iprrimp*^T*^ cutout of the positioned bracket, for use in accurately installing the custom brackets in their 
calculated positions on the teeth. 

The appliance manufacturing machines 38 may be connected directly to the analyzing computer 30b 
or one or more may be connected to a separate manufacturing equipment controlling computer or machine 
40 controller 30c. The computer 30c may be located at the appliance facility 13 or, together with one or more 

of the appliance manufacturing machines 38, 40 or 41, be located at the orthodontist's ofllce 11. In one 
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preferred embodimeat of the taveadoa. ooe maaufacturiag computer 30c and the bnckcc cuttiag machine 40 
ore locftted at the orthodoatist'i office, along with the scanner 33 and input computer 30. which may be the 
same computer as the manufacturing computer 30c , while another manufacturing ccctraJ computer 30c . which 
may bo the analyzing computer 30b, the wire bending machine 40 and thejigfonning machine 41 are located 
5 at the appliance facility 13. The optimum difitr3>ution of the eomptiters 30, 30b and 30e and the scaxmer 33 

and appliance manufacturing machines 38, 40 and 41 will be determined by the scale of the orthodontist' 6 
practice and the oitfaodontist's preferences. In the illuscrated cmbodtmeat, the computers 30-30c are IBM 
PC clones, with Intel 803B6 or 80486 microprocessors and equipped with 80387 or 80487 math coprocessors, 
respectivety. 

10 Certain componenu of Che system 10 of Fig. 1 are described bdow in further detail. 

Three stepi in the informatioB input procedure (82), described below, involve the inputing into Che 
computer 30, for analysis in digital form, of data concenung the shape of the mouth 1 8 of the patient 12 and 
of the shapes of the individual teeth therein. In these seeps, digitized images and measurement data of the 

15 mouth 18 of the patient 12, preferably taken indirecdy from the model 20, and digitized to form a three 

dimcofiional mathematical model of the patient's mouth 18. The mathematical model indtides, tn the 
preferred embodiment of the invention, the definition of certain paruneters of the patient*s lower jaw and 
individual teeth, and may include some information of the initial position and orientation of the teeth in the 
mouth 18 of the patient 12 for evalnating the magnitude of the treatment. 

20 The input iaformatioD 26 is, in some embodimeats of the invention, ii^ut «s n fW three dimensional 

image, and then simplifted by reducing it to a plunlity of curves in a pluraliQf of differently oriented planes 
or fairly flat curved surfaces, each defmed in tho independent X-/ coordinate system of the re^edive sur&ce 
orplane. In siriisequcitt analysis, these planes aria oriented, translated and rescaled with respect to each other 
in arriving at a derivation of the ideal fmish positions of the teeth and the design of the custom appliance 25. 

25 In accordance with the preferred embodiment of the invention, curves and points on the contours of the jaw 

and teeth of the patient 12 are caqiressed in terms of accepted or generally applicable orthodontic parameters 
so ^m^tt»\ god automated decinon making can combine and coordinate the best of orthodontic knowledge 
and experience with the efficiency and precision of computer analysis to minimiw the use of the 
oithodomist's Ume, sboften the patient's treatment period and optimize the final treatment result 

30 The various types of snd con^ncnts of the scanner 33 of vsrious embodim ent s of the invention ore 

described below. 

One preferred form or component of the scanner 33 includes a video imaging assembly 43 as 
illustrated in Fif. lA. The video imaging assembly 43 includes one or more video cameras 44 which each 

35 produce two dimensional images of the patient* s mouth 18 , preferably by forming an image of the model 20. 

When two or more are used together, the video assembly 43 produces stereo images capable of being 
resolved in three dimensions. In the illustrated embodiment of the invention, a single video camera 44 is 
employed to prt>diice two dimensional video images of a plan view of the patient's lower or upper jaws 22 
and 24, from the models 21 or 23, respectively, in generally horizontal X-r planes. In accordance with this 

40 embodiment, other forms or eompooeau of the scanner 33 are preferably employed to produce information 

in a third dimennon as described below. 
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Rofeniog to Fig. lA. the video imagisg uaembly 43 ia thown diagmmniatiraJly in tide devaiioa 
or the appliaxkce manufacturer' t facility 13. The video IniHging tsfiembly 43. in ta preferred fonn, is an 
operator-computer graphical interface (hat iaclude« the video camera 44 connected to a video interface board 
44a in the input computer 30. The camera 44 it mounted on * ftaad 45 to face downwardly to form a top 
plaa view one of one of the halvea 21 or 23 of the model 20. ihown aa the mandibular portioo 21 in Fig. 3, 
OD a horizontal auppoft 46 attached to a baae 45a of the ttand 45. The model half 21 or 23 la posxtioaed on 
the support 46 such that the teeth fiace upwardly toward the camera 44 and n that the tips thereof lie 
generally in a horizontal plane that is mftintftined at a known faed distance from the camera 44, so that the 
scale of the image formed by the camera 44 is known. This may be accomplished by mounting the siqiport 
46 on springs 46a to oxge the model half 21 or 23 i^iwardly against a trao8(>areat horizontal plate 45b. 

The input computer 30 has connected thereto a potatiog device which may be a mouse 47a or, as 
shown, a mouse equipped digitizer board 47. The camera 44 produces a grapbica image display 48 on the 
Gcreen 35 of the computer 30» which tn operator 28 may align with the antBtance of a pontioaing grid G 
(Hg. 4A). With the digitizer 47, the operator aelecupoinu by pontionmg a eurser 48a on the screen 35 with 
the mouse 47a. The selection results in the storage of Jt,y coordinate data for each of the points selected. 
The points selected, in the description of the preferred process below, correspond to preselected boundary 
poinu of the teeth and, fh>m the mandibular model 21 , the lower jaw. From these cop view boundary points, 
tooth and mandibular jaw dimensions are calculated. The calculated dxmeasions are used in analysis steps 
to calculate equations for the bone Arueture or mandibular trough MT and to calculate from the 

trough equation and the calculated horizontal dimeosions and relative positions of features on individual teeth 
the fmish positions of the teeth. 

In the alternative to selecting points from the video image display 48, the same points may be 
selected in the same manner from a plan view video image of a digitized three-dimensional computerized 
image of the teeth and jsws, such as sn image fonned by a User scanner , moire interference pat^^ 
ultrasonic scanner, stereo video cameras, or other three-dimensional imaging apparatus. Sectional displays 
55a and 55b of such a three-dtmensk>aal computerized image made with a laser scanner are shown in 
perspective in Figs, 3A and 3B, re^wotively. Such alascr scanner is described in connection with Fig. IB 
below. 

Laser Thnf^ lmtntUsttai Iimm Innat AnwtMi 51: 

One preferred form or component of the scanner 33 is the laser generated three-dimensional image 
forming assembly 50 Illustrated in fig. IB. Referring to Fig. IB, one of the halves 21 and 23 of the model 
20 is mounted on a support 51 while laser 52 directs a laser beam 52a onto the model 21 or 22. The laser 
beam 52a is leflectad and the reflected beam is detected by a sensor 53 composed of a photoelectric pixel 
array which uses a triangulatton method to convert a change in position on the sensor into a change in 
distance between the assembly 50 and the modd 21 or 23 mounted to translate parallel to the model 21 or 
23 on a siqiport 54 so as to scan the model with the laser beam. Equipment for producing images using User 
technology in thU manner is oommercislly available for forming computerized representations in three 
dtmensloos of mantifactured and other objects. An example of eqinpmeat suitsble for thU purpose are the 
Cyber Scan™ Nteasurement System manufactured by Cyber Optics Corporation of Minneapolis, Miimesota. 
The images formed by such equipment would preferably indude ftitl detailed three-dimensional image data 
of the patient's lower end upper jaws 22 and 24, taken from the model 20, with the teeth in theb original 
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poshioai. Hie data is writtfo in osndjud ASCQ files by the equipmcat dasaibed aad is readsble by the input 
computer 30b into the digitized infonnatioo files 26. 

UluATsted in Figs. 3A and 3B are two secdoas of the mandibular digitized modd. and include a 
section 55s showing Che front mandibular incisors and of the paiaent 12, and a section 55b showing 
5 the right mandibular second bicuspid Tn, and firtt molar Tggg of the patient 12. When such images are 

rotated to a horizontal plan view» aderivatioD of the same informacioa that is available from the video imager 
43 of Fig. lA may be derived, and poinU o&ay be selected therefrom for digitization automatically with 
software, or through an operasnr/computer interactive process as with the video scanner 43. The three- 
dtmettsional image 55 may be rotated intD other orientations for the derivatioo of other infonnatioo in various 
IQ planes such as vertical tooth profile information that is derived with the mechanical scanner 57 described 

below. Additionally* other computerized procedures may be used to automatically derive infonnarion from 
the three dimenstonal image 55 with or without interveatioa or interaction by an operator. 
Meehamieal Proht DiHial Sainner An$mbif 57: 

The may also include, alternatively or in combination with other scanning equipment such 

)5 u the video scanner assembly 43 of Fig. lA or the laser scanning assembly of Fig* IB above, a mechsnical 

probe assembly 57 as illustrated in Fig. IC. This entire assembly 57 is used in the Oluoraxed embodiment 
of the invcfition in combination with the video scanner 43 to derive Ubial-ttngoal vertical profiles of tho 
individual teeth of the patient from the model 20 to s up plement jaw and horizontal tooth dimensional and 
shape information derived from a video nnage produced by the video scanner 43 from the model 20. 
20 Alternatively, portions of this assembly csn bo used to produce the same infennation from a three 

dimensional image 55 produced by equipment such as the laser scanning assembly 50. 

Referring to Fig. IC, the probe assembly 57 iacludea a measurement probe 60 which is moveable 
over Che individual teeth of the node] 21 to prodoce aa electrical signal thsl b digitiznl for computer input 
of point locations or profiles of the surfaces pf the teeth b separate X-Y for each tooth. In the iUuscrated 
25 embodiment of the process of the hivention, the infonnation 26 prefenbly derived tmm the model 21 

includes the tooth profdes curves PF, in a labial-liaguat plane viewed in a mesisMD^dlstal direction. 

The probe assembly 57 further ineludes a magnetie base 59 upon which is mounted the model 20. 
and from which extends an oprtaoding vertscal support 58 on which the probe 60 is mounted. The probe tip 
60a is freely rotstable about a vertical axis on which itt tip Ues, while the probe itself U hooked to 
30 lip to track recesses in the surfaces of the teeth of the model 21. The probe 60 is mounted on the support 

58to moveiaJTasd rdirectionsinavertiGalplanepreferablythst extends through the support 58 and the 
probe 60. In this manner, the probe tip 60a is poritioaed to scan the surface of atoodi of the model 21 along 
this plane. The probe 60 is linked to the support 58 through a pair of orthogonal measurement position 
transducers 6 1 , which req>ectively generate electrical analog measurements of the positions of the tip of the 
3S probe 60 along respective ones of the X'Y orthogonal coordinates. The outputs of the transducers 61 are 

connected to circuitry generates a sequence of periodic readings of the transducer measurements of the 
probe tip positions which are then dIgiUzed. These outputs are seel in along lines 61a connected to input 
computer 30, preferably to a serial pon thereof. 

In use. a half of the model 20, for example, theoundibotar model 21, is mounted upon the magnetic 
40 base 59 on a steel surveyor' s mount 62 which slides on the base 59 when lightly urged, but which otherwise 

holds its place thereon for precise positioning. The mount can be raised, lowered or tUted for and for 
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levdmg. la opomtioa* tbe probe 60 U manuaUy moved by aa openior 28 or automaiieaUy to scao tbe 
surface of aelected tooth of the model 21 to produoe proHle eurvei PP of a Mction of each tooth as 
illustrated m fig. 3C. The profile Pi' may be gcaerated by any oae of a oumber of commercially available 
ofT-the^helf CAD/CAM or illuAntion software padcages, such as VERSACAD™ avaUable from Prime 
Computer*, Inc. of Bedford, Masfiachusetti. The computer program! described ia the Qowcharu herein it 
writtea for use with VERS ACAD™ ia CPL™, the programming language of therefor. The video images 
63 of tbe profHet PP are displayed on the acreea 35 and the digitized profiles are nored as part of the input 
information 26 in noa-volatile meaaory of the eomputer 30. 

With the curve* such as tbe profde PP so formed, an operator can, with the use of the pointing 
device 47, select, by positioning the cursor on the formed profile on the screen 35, point parameter! of the 
tooth, the coordinates of which can be thereby input digitally into the computer 30. 

ABnilanct Manufartxtrinr Eauiomtnt 38 

The manufacturing equipment 38 of the preferred emboduneat of the invention includes: an 
appliance bracket cutting or fbnntng machiue 39 that eostom forms the bracta bases to mount xo tbe teeth 
and cuts archwixe ilots in the brackeU at precise calculated positions and angles; an appliance arcbwire 
bending or forming machine 40 that precisely beods axchwires to a shape that will cooperate with tbe cum^ 
brackets to ^ipty corrective forces to tbe teeth until they are in their calculated fmish positions; and a bracket 
placement jig forming machine 4 1 chat manufactures bruket placement jigs that conform lo the contours of 
tbe patient's teeth, as recorded hi the profUes PP, These jigs are used by the orthodontist to precisely place 
tbe custom brackeU at calculated positions on the ceeih. 

The manufacturing equipment 38 is eontroUed by NC computer generated programs based on the data 
from tbe digitized input informatioa files 26 and the calculated patkat data files 36. 

Referring to ftg. ID, a bracket stot cutting Baachine 39 is ilhnttated. The machine 39 includes a 
stationary base 72 on which is fixed a pair of upwardly eocteadiBg workpiece support brackeU 72a to the top 
of which is pivotally mounted a woi kpieo e or bcackcc support 73. On the support, a full set 80a of brackets 
80 for the custom appliance 25 is mounted, prearranged in an assembly or cazuidge of twenty or twenty-four 
brackets. Tbe support 73 pivots about an axis 73a esOendhig between the brackeu 72a. Connected to the 
astis 73a is aa angular poskienfaig motor 74 which positkms the support 73, and the brackca 80 mounted 
thereto, to any angular orientaUoa with respect to the horizontal. The motor 74 has an input connected to 
the computer 30e to set the indsnarion to the slot iaelinatioa angle of the bracket design in response to NC 
command codes. 

Also fixed to the base 72 and ncteoding upwardly therefrom is a saw support bracket 72b. To the 
top ofthe support bracket 72b is a saw drive motor 75 and a set ofthree saw blade positioning linev drive 
actuator 76» including an X-drive actuator 76x, a Y drive actuator 76y« and a Z drive actuator 76z through 
which a saw si^ort arm 77 tt supported to move rcspectivety hi the X, Y and Z directions, that U, b an 
X directkin horizontally perpendicular to the axis of rotation 73a of the bracket holder 73, in a Y direction 
horizontally paraUel to theaxis of rotation 73a of the workpiece holder 73 » and in a vertical Z direction. The 
actuators 76 have mpuu connected to the computer 30c to receive positioning signals from the computer 30c 
to cut arcuate slots in the X- Y plane of the machine 39 in response to NC commands generated in accordance 
with a custom appliance design. 
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Ai the remote end of tbe movenble aim 77 u a doc cimrr auembly 77a, drivably linked to the motor 
75 . Tbe usembly 77a hat extending downwardly therefrom a rotatable cutter blade drive thaft 77b, which 
has fixed to the tower end thereof a circular dot cutler blade 77c. The blade 77c Itea in the horizontal X-Y 
plane and is of the thkknets of the slot needed for the thickness of axcbwire selected. Tbe archwires are 

S typically rectangular in cro»-section so that they are able to exot torque on the bracket* which aecordingty 

will be provided by tbe saw blade 77c with a slot of rectangular cross-section. The base of the slot wQl be 
cut. in accordance with tbe command signals from the computer 30c, at an angle in the X*Y plane of the 
machine 39 that is (aageot to the final curve of the arcbwire that it will receive. Tbe base of the slot will 
be convex to accommodate tbe curve of the wire in the horizontal plane. Tbe base of the slot will be convex 

\Q to accommodate the curve of the wire in the horizontal plane. Tbe inclination of tbe bracket slot b achieved 

by the angle of the support 73 m response to control signals from die computer 30c. The computer 30c is 
programmed to accoiut for changes in elevation of the bracket 80 due to the offset of the brackets from the 
support axis of rotation 73a. 
Wlr» Rmndinr Machine 40 t 

]5 The wire bending apparatus 40 is illustrated diagranunatically in Fig. IE. Primary control of the 

apparatus 40 Is preferably by an IBM PC done, preferably with an 80386 or 80486 microprocessor with a 
m ftth coprocessor, and with motion controller board 65 installed. Tbe controller board 65 is, for eatample, 
an MCSOO Motion controller 3-axis card manufactured by Motion Engineering, Inc. The MC300 is a 
<jf ^fii'<tH motion control card whieh sends and received signals to and from MC-OLS stepper interfaces 66a 

20 and66b. M C-Ol^ stepper owtorisieifaces 66a and 66b send o)ntro] signal commands to tbe stepper 

power supplies 67a and 67b, such as Compumotor S-Drive stepper power supplies M8-0n4S3D, regarding 
rate and direction of motion of the motors. 

Hie powa supply 67a has an output conaected to wire feed rollers 6S, positioaed on opposite sides 
of a wire guide 68a, which guides arcfawtre 69 to feed it fm a continuous coil supply The power supply 

25 67b has an output connected to a wire bending roller assembly or wire anvQ 70. 

Tbe controller 66b additionaUy is adapted to receive feedbadc signals regarding position from a disc 
encoder 70a* such as a Dyn^ar/Veeder Root #Et00QA76500, which monifiora the position of wire forming 
roller 70b. providisg dosed \oop oomiol of a wire beading roUer 70b. Tbe roller is driven by a wire anvil 
motor 70c» such as a Compnmoior ilS/SX 57-102, through a drive screw 70d. such as an Industrial Devices 

30 Corp. Electric cylinder #X99SA-2-M56-MTl-200-PS. The screw 70d coaveits the angular position of tbe 

motor 70c into linear motion of tbe roller 70b to deflect and bead the wire 69 as it is fed through the guide 
6Sa by the roQers 68. 

By coordinating the anvil 70 and the wire feed 68, formed archwires 64 of any planar shape are 
fabricated. Tbe rollers 68 pnich the wire, forcing it to advance into the anvil 70. Tbe roller 70b of tbe anvil 
35 70 moves up and down varying the radius and thus eontrollmg tlie radius to which the wire is permaneody 

deformed. If the formation of arcbwlres with faiflectbtt points, that is that have bends in opposite directions, 
a second anvil would be provided opposite the wire 69 from the anvil 70 and controlled io syochronism 
therewith. 

A wire positioa sensor 71 is provided that inspects the fmished arcbwire by comparmg the width of 
40 tbe formed wire 64 to the desired width. Tbe sensor 71 is mountsd with respect to the anvil 70 and feed 

rollers 68 to detect tbe pO8itk>0 of the formed arcbwire 64 when it is at the end of its fonnmg cycle. This 
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meosttremeat provides a feedback ngul that provides compcnatton for material property vahatsooa tbat 
efTect the fonned shape and the amount of overbcading required. The seosor 7 1 scads informatioo back to 
the computer 30c as to whether the wire 64 Is acceptable or over-bent or under-bent. If the wire is either 
over or undcr-bcat, the computer 30c calculstes the correcUoo required and incrcmentAlly modifies the signals 
5 through the interfaces 66a sad 66b to provide compensation to progrcssivdy correct sueccssive archwircs 64 

until the result of the signal from the seasor 71 is deemed acceptable by the computer 30c. 
Bmcktt PlactmtntJlt Formliit Machine 41 : 

The bracket ji ^ forming equipment 41 is preferably a standard NC mill conngured as illustrated in 
Fig. IP. The »r«^*«^ 41 indodea the staadard mill 8! , having a downwardly projecting rotary tool bead 
10 81a on which is tmTimtwf an eodmill tod 81b of, for examplet 0.020 inches in diameter, whm 0.022 inch 

archwtfe ii used, and, for example 0.016 tachea ta diameter where 0.018 inch arcfawire is used. 

The mill 8 1 is either coimected to an controller which will have been loaded with CNC program code 
42 prepared by the computer 30e or will be directly connected to the computer 30c. The mill 81 is provided 
with a tool stqypoit 81c to which & set of circular ABS plastic jig blanks 83. usually cwenQr or tweaty-four 
15 in number, are fed by & feeding mechanism 8 1 d , equipped with a magazine 8 le of the sees 83a of jig blaokB 

83. The tool head 81a is moveable venically to bring the tool 81b into contact with the blanks 83 and 
horizontally in the X-Y directions ia oceordanee with the tool path instructions from the code 42. 
CEMmAL OPERATIONS AND PROCEDURES 
In the preferred Siid illustrated embodiment of the ioveation, the overall configuration of which is 
20 illustrated diagrammaticaUy in lig. 1, the fjll custom syitem 10 is operated to produce the orthodoatic 

appliaace 25 based oa the tadividual aaatomy of the patieat 12. One preferred method of the iovedtioa is 
represented by the operations aad prooedurea illustrated in the flowchart of Figs. 2. 

The method of the present ioveation, in iu preferred embodiment, tncltides three general operatioas. 
The fira operation, is (85) a patieat evaluation operatton performed by the orthodontist 14 at the doctor's 
25 ofTice 1 1 OS the patleBt 12. This operation includes the traditional professional diagnosis and general 

prescription of trestraeiiL Aeeording to the preseat iaveatioa, the evaluation operation (85) is followed by 
(87) a computer aided analysis and appliaace design aad maatrfactiiriag operstioa performed, prefersbly at 
least ia part, at the appliance facility 13 to produce the costom appliance 25, aad in turn followed by a 
patient treatment operation (89), which includes tieatmeat of the patient 12 by the orthodoatist 14 at the 
30 doctor*B office U, wteh the installatioB aad use of the appliance 25. 

fflu Pflttoaf jgy<rf'"'*f^T (>rmffnrr 

Referring to the system diagnm of Fig. 1 aad the flow chart of Fig. t, the ortbodontie evaluation 
operation (85) is performed at a doctor's office 1 1 . The operatioa (85) includes the procedures (90) of the 
examiaatioa of a patieat 12, (91) the prcparatioa of the model 20 of the patient's mouth and teeth, (92) the 

35 prescription by the orthodontia 14 of treatment, (93) and communication the appliaace factliQr 13. 

The examination procedure (90) the patieat 12, who requires orthodontic treatment, is examined by 
an orthodoatist 14, who makes a diagaosts 15 of the condittoo of the patieat and of the tre a tmen t , if aay, 
needed. Based on the diagnosis IS, the orthodoatist or doctor 14 assembles the information 16 that is 
necessary to implement the prescribed treatmeat. 

40 In assembling the information 16, the orthodontist 14 (91) prepares a model of the patient's mouth 

18, usually a physical model 20 from a mold of the patient's mouth, in its laitial coaditioa ax the time of the 
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dtagDOGU 15. The model 20 indudcsthemandibul&r model 21 of thepfttieat'slowcrjAwor msiidIble22aod 
the maxillary model 23 of the paticat't upper jaw or maxilla 24. 

Thea, fiutbtf baaed oo Che diagooni 15 » the orthodontist 14 (92) p i e w j ibca a particular treatmeat 
and gcaervtei a prcscripttoa 27 ta a (ongiblo record form. 

5 The orthodoottsc 14 theo (93) commtiaicatea the infotmotsan 16, for example, by craaimitting the 

model 20, Che prwriptioa for treaUDeot 27, a record of information 17 identifying the doctor 14 and the 
patiefit 12, together with information 19 contaioing tfatixtical and hisuirk data of the patient 12, to an 
appliance desigD facili^ 13, at loffle remote location. At the appliance detign Cacility 13, Che information 
16 ia digitittd and input into Che computer 30 for analyals. 

10 Attematirdy , the ortbodoflSsA 14 ouy convert the iafotmotioa 16 to digital computer readable form 

and transmit the digitized infbrmatioa to theoppliince design facility 13. In thii alcenativc, the system 10 
would be configured with the input computer 30 located al the orthodontia' § office 1 1 , and the orthodontist 
14 or assisting peraomiel would perform portions of an data input procedure (94) deacnbed below. 
am iii^vrif. Dtdrm and Manu^xctitrt Oo^mdon 

]5 When the information 16, which indudes, for example, the model 20, the prescription 27 and the 

informatioo 17 and 19, are received cither at the appliance system manufacturer 13 or is ready to be digitized 
at the orthodontist's office 1 1» (87) an analyBia, fmish tooth position calculation, and orthodoncic appliance 
design and manufacotring operation is begun. In the operation (87). the information 16 b processed and the 
custom appliance 25 for moving the patient's teeth to an optimum fmal or finish position in accordance with 

20 treatment preserved by the orthodontist 14 is produced. 

The opcntion (87) indades the procedures of (94) iterating into a computer the information 16 from 
the orthodontist 14» in digital form, (95) analyzing with the aid of computer 30b the ii^ut digitized 
information to arrive at the finish position of the teeth, (96) designing with a computer a custom orthodontic 
appliance in accordance with the oompucer analysis, (97) manufacturing the custom appliance 25 in 

25 a^5ffifflfT^ with the computer assisted design with the old of computer controlled machinery, and (98) 

communicating the custom sppliooce 25 and accompanying instructions to the orthodontist 14. 

In accordance with certain ctDbodimeats of the present invention, some or all of the appliance 
monufactnrittg step (97) can be performed st the facilitiea 11 of the orth o dontist 14. in which case the 
comfflunicoting oep (98) would iovotve the communication of machiDO readable code, in lieu of some or ail 

30 of the completed custom opplianee 2S, firom the design fhcQl^ 13 to the orthodontist 14. 

(94MnBut Proctdun: 

In the ii^mt procedure (90) is illustrated in the flowchart of Rg. 2A. In the procedure (94), the 
received information 16 is input, in the illustrated embodiment by operator 28 at the design facility 13, into 
a computer 30 in digital form. Even where tbe inputing is performed by operator at the design fiacility 13. 

35 some information 16, such as the mformatioa 17 and 19, may be supplied by the orthodontist 14 in machine 

readable form and input directly into the computer 30. The input procedure (94) indudes five steps (tOO>- 
(500), the substeps of which are described in detaO in connection with die (lowchort details of Fi^ 2Er-2I 
bdow. The stqM of the input procedure (90). in the illustrated embodiment, also indude certain suboeps 
that ore part of the function of the analysis step (92) but are more conveniently performed at the time of the 

40 information is entered into the computer. 
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Tbe input stq>i (100) tnd (200) involve the eocry of background iofonnauon tcsembled by the 
orthodontia 14. In the input mtpt (300), (400) and (500)« tooth and jaw poiitioaJ and profUea are deAned 
in terma qrthwff pnrtff'**^ landmarki that can be later analyzed by computer to best implement 
tbe ofthodontic knowledge, tkill and expcrieace embodied in tbe prescription 27 and of the orthodontic 
5 profeasion while efficiently automatically producing a optimum result These stepa of tbe input procedure 

(90) indude; 

(100) The inputing of the dodor-iMtAeot identification information 17 in digital form into the computer 
30a: 

This ioformaxion if used to ideatiiy tho records of the patient and ihe produca produced. 
10 (200) Tbe inputing of patient background tnfonnation 19 m digital form into the coaq>uter 30a: 

This information is used in part in tbe calculating the ftniih position of the patient's teeth in 
accordance with genetic characteristica. Sex and race, for example, are used to assign cotain seed 
values such as the tnclinatioa of the axes of tbe individual teeth of the patient 12 to an arch plane in Oep 
(625), which is used to decermlae as ofTect for tips of the teeth from the jaw bone or gum line. 
1$ This information also includes dtagnoatic determinations and treatmeat option decisions made by the 

orthodontist 14, such as determinations to extract teeth, or employ optional treatment norms. 
(300) The inputing into Che conq)uter 30, from a top view image of the patient's mandibular model 21 , 
the mnn<f i**"**> Jaw shape and tooth dimensional informatwn: 

In implementing a treatment to correa the tooth allgnmem of the patient 12, the mandible 22 is the 
20 logical starting point because it is a solid bone sad has relatively little pliancy. By contrast, tbe maxilU 

or upper jaw 24 is composed of segments hdd together by sutures which do not ftise untU mid or late 
teens. Furthermore, these sutures can be leparated by the orthodontist cvco after the point of initial 
fusion by simple and commonly known dinical techniques. These anatomical (bctors require that the 
orthodontist 14 inake relatively small changes in the mandibular bone 22 and the preponderance of 
25 dceletal changes in the maxilla 24. For this reason, the position of the mandibular trough AITtherefore 

taken as a constraint on the positions of the roots of the lower teeth. 

In step (300) InfoisstioD Is faiput for use, in part, to define from the patient's lower jaw bone the 
shape of tbe '"■"HthMiw trough MT, which serves as the first eonstralm in arriving at the finbh position 
oftheteeth. Inonoembodtmcat,thisisac6omplishedby st^enn^siiig a predefined grid G on a video 
30 or graphics unage of the mf~<^"^'' trongh (from Fig* 3) in the manner illustrated in Fig. 4. In 

addition, tbe disunces between the mesiodistal extremities, or mesiodistBl widths MDW, thai is, their 
contact poiiits with adjaeent teeth, in a horizontal plane, are ii^ut. These determine the total length of 
the dental arch and the rdaiive center-to-ceoter pacings of the teeth along the arch. 

A maaAular trough equation MiTB is derived, and may be cooveited to a syaunetrical equatioo 
35 SMT. As a starting point toward calculatmg fmish tooth position, the mesio-distal widths of the 

mandibular teeth are mathemstically placed on the trough equation. This is explained more fully bdow 
in connection with Fig. 4. 

In the ^Mwe and in many archform calculations bdow, a cubic spline equation form is used initially 
in fitting a curve to data points, then converted to a drde segment equation that provides advantages in 
40 the analysis and design process and in the fmal calculations needed to operate NC manufacturing 

equipment. This is explained bdow in connection with Figs. 5 ct seq. 
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Meaiurcd iniliAl cootra-latenl cujp ^nciog daia are geoeraied for use by Che ortbodootxst 14 m 
evaluaiiog the custom design and treatment paraffietcn rctutting from the Tinal calculations below. 

la some cmbodimeata. horizontal profile data of the lower jaw may be input in this 8t^» additional 
laadmaiks in the horixootal plane may bo identified, or fitU threes imensional images of the tecsfa and 
5 lower jaw may be made, for example, as discussed in the descriptioas of Figs. 1A*1C above. 

(400) The iBputing into the computer 30, from a bottom view image of the patient* s maxillary model 23 , 
maxillary tooth dimensioaal infonnatioa: 

The shape of the maxilla, which is made of a segmented bone, is a variable capable of being altered 
orthodontically in response to final tooth position calculations as sec forth below. Therefore, iu initial 
10 shape and initial maxillary tooth position is relevant only in evaluating the feasibility of the amount of 

alteration required aad the type of treatznent to be used. 

In step (400), iaformacloo is ii^wt into the computer 30c of maxillary jaw shape and tooth 
d'unenstooal tnformsikio from the maxillary model 23. This informaiioo is used in part to determine the 
mesiodiftal widths iCDff of each upper tooth, fai a horizontal plane, and to determine the total length of 
15 the dental arch and the relative center to center spacingB of the teoh along the arch. 

Measured initial contm-lateral cusp and central groove/fossa pacing data are generated for use by 
the oitbodoniiA 14 in evaluating the custom design and treatment parameters resulting from the final 
calculations below. 

As with 6tep (300) above, in some embodiments, horizontal profde data of the upper jaw m^ be 
20 input in this step, nddldonal landmarks in the horizontal plane may be identified, or full three- 

dimensional images of the teeth and lower jsw may be made, for eacample, as discussed in the 
descriptions of Figs. 1 A-IC above. In these embodiments, techniquea such as those described in step 
(500) mi9 be employed in the horizontal plane in steps (300) and (400). 

(SCX>) The inputing of individual tooth clevational profile information from the two halves of the model 

25 20: 

The tooth profde informoUon can be generated using eomputer analysis or interactive computer 
imaging from three-dtnuosional images. If employed, as Olustrated in Fig. 3A fbmied with scanners such 
as iUutfrated in Fig. IB, or with the use of the probe ossea^ly 57 of F!g. IC from the physical model 
20 of the jaw. Use of the probe assembly 57 is herein deacribed. 

30 Rapid reduction of tooth ahape information to important dimensions and landmark data for efficient 

and realizable calculations of finish tooth position is achieved by imaging carefully selected profiles of 
the teeth. Profdce are produced by outlining the tooth crown surfaces along a vertical plane or othCT 
similarly oriented turfoee that eanends in a labial-lingual dlrecUon generally perpendicular to the arch of 
the teeth in the respective jaw. For the single cusp anterior teeth, this surface is generally a surface 

35 bisecting the tooth and through the crown long axis CCj4 of the tooth. For multiple cusp teeth, the same 

generally applies except modification or displacement of the surface is inteUtgeotly made on some teeth 
to pick vp the highest cusp or a marginal ridge that is relevant to development of the proper occlusion. 

For most calculations, as sec forth in the detafled explanation bdow, the tooth feonires profile can 
be assumed to be on a plane through the tooth oeatertine, even when they are ooc With the features 

40 selected herein, such assumptions result in errors that are still much smaller than those accepted in 
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cooveacional methods. lo other coiculatioos, the precise posiiioa of a feature moa be considered, and 
pravisioo for such considerations are made in the certain embodiments of the invention. 

For each tooth, profile data is takea in aeparaie X'Y coordinates that relate only to the selected 
surface or plane. In the oourse of the analysis aod calculation of fmisb tooth position, these planes are 
3 separately tnndsted and reoriented with respect to those of the other teeth and those of the trough and 

archforms, in several steps, until the ultimate imerplane rdationships are established. 
(95\ AnahtiM and Tooth PagiHamiMe Procedure: 

The computer analysis procedure is illustrated in the flowchart of Fif. 2B. In the computer analysis 
procedure (95), the digitized infonnation input by the input procedure (94) is analyzed to calculate the finish 
10 position of the teeth, so that the custom ^liance 25 can be designed in computerized design procedure (96) 

and manufactured In computer eontroUed monufaeturtng procedure (97). He analysis |m>cedure (95) 
includes six sttps and subroutines (600)-(UCX)), the substeps of which are dcecribed in detail in connection 
with the flowchart details of Figs. 2J-20 bdow. These steps include the following: 

(600) The dental analysis step in which the orthodontic landmarks of the teeth are identified: 
15 A minimum number of points on the tooth profiles are selected that are sufficient for determining 

the contactpoints between teeth that are relevant to fmish tooth pos^n calculation and appliance deaign. 
Tliese points are selected such that the calculations made from them ore relatively insensitive to 
measureaent erron in the input of the data in step (500). From the selected points, for each tooth, other 
parameters ore derived, hiduding an iocisal center point /CP, a gingival center point GCP and the crown 
20 long axis CIA through the tCP and GCP, as explained below in connection with step (600) and ilg. 6 

et seq. 

In order to detennine the relationship between the crown long axes and archwire planes, twcniy-four 
of each crown type were removed from a set of orthodontic casu and sectioned along the mid-saghtol 
plane. These crowns were then mounted and projected at twenty times magnification on an optical 

25 compatator* Tracings were thea made of these profiles. As a result, a procedure was determined for 

use to establishing the crown long oxls faiclinatioo angles to produce the desired occlusion, and seed 
values were tah ^p|*t<<H that and correlated with data such as the sex and race of the patient as entered in 
step (200). As a result of this analysts, preferred crown long axis inclination angles are produced with 
the pieseat invention that are an tmprovement over the facial inclination angles employed in the prior 

30 arc 

From the tshiiltTH data, angles of inclination LAls of the crown long axes CLAs of each of the teeth 
of each janv are set relative to the plane thstcoiitains the mandibular trough equation 3177. This plane 
is paraUd to a facial axis plane AiPused in clinical studies through adinicaUy defined facial axis FA 
of a tooth. These EAIm are later used lo determine the horizontal offsets from the H7V of the tips of 

35 the lower teeth in step (1000) below, as well aa the maxillaiy tooth placement in ttep (1 100). The 

rotation of the inclination angle places new K coordinates of each of the tooth profile planes established 
in step (500) parallel, and the Xaxes of these ptanea parallel to the sameplono bus of with their relative 
horizontal orientations and relative vertical positions yet to be determined. Once the teeth are rotated 
to their fmish inclinattons, precise crown heights, incisal and cusp tip locations, and other points and 

40 contours of the tooth surface are precisely defined for intertooth contact and appliance design and 

positioning calculations. 
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As BO exmple, for the maxillary bicujpida and molart, a cnargmal ridgo acvatioo MRB U 
decennined for laur use in calculations relative finiih pothioos of the upper and lower teeth. 
(700) The cuspid rise detennination step to which the occlusioa of the upper and lower teeth is defined: 
The orthodontist 14 will have aelected the technique to be used to guide the teeth of the patient into 
ocdutioo a» the jaws come together. Depending on the •elec;ed occlusioa technique, cither all or part 
of the occlusion is brought by a rise of the cuspids above that of the other teeth, to thereby initiate 
contact between the upper and lower teeth which aligns the two arches as die jaw closes. Most 
orthodontists prefer to nccoinptish this with the rise of the cu^ida. 

From anatomieal studies, daU is employed and the amount of cuspid rise, or other cusp rise if 
selected, that is necessary to dev the buceal cusp height BBC of the teeth, which is determined from 
the tandmnk dau of step (600). 

(800) The mandibular tooth placement step in which the plane of the mandibular teeth is defmed and 
the teeth are positioned with respect to the tnandibular trough: 

The step (800) aceo^lishes the preliminary mathematical coooructioo of the n in ndih u l af occlusion* 
This step first calculates the positions of the mantfibular teeth to place their tips in an ocdusal plane 
pending final refinement of the placement. 

The starting point for the mandibulnr tooth placement is to assume tooth positions that place the teeth 
with their crown long axes OAs intersecting the plane of the mandibular trough on the mandibular 
trough equation MTff. This satisfies the eondition that the mandibular teeth are set in the bone of the 
lower jaw. The ClAt of the teeth are aiso inclined at the seed value angles LAIs estsblished in tfcp 
(«00). 

Neao* the poshkms of the teeth are adjusted vesticaUy to place the tips of all of the mandibular teeth, 
extxpt the eospids, B the same plane. The tipa of the mandibular cuspids are set to extend above the 
plane of the tips of the other msndibulsr teeth by ndistance according to tfaecuspid rise criteria selected, 
preferably by setting the distance equal to one third ofthe total cuspid rise, u calculated in oep (700). 

Then, a honzontal OPPSST ftom the AOT, geaeraUy in the labial direction, is calculated 
trigottometrically for each mandiiular tooth from its crown height sbove the mandibular trough and its 
long axis inetinstion angle iM, This caleolatioa results in a aandtbuiar trough offset equation MO, 
which is aa outward radial eoqiattsion of the MTV. The JUTS was d^med in the form of a series of 
circle segments in step (300), Theexpaaded MOequacioa is adiscontinuottsarchconAructed by adding 
the respective OFPSST of each toodi to the radiua of the eirde segment of the with which the 
midpoint of the width of the tooth is associated. - 

The teeth are diea placed on the offset equation MO beginning with the placement of the central with 
iu mesial contact point on the mandible ceatertine and the tooth midpoints oa the MO, Thea moving 
35 distally , the remaining teeth on the same side of the mandible are placed on the MO with their mesial 

contact points MCP in contact with the distal contact point DCP of the previous tooth. The same 
procedure « employed for the teeth oa die other side of the mandibular arch. 

Aa alteraative further refiaemeat would coasider the vextieal position oa the tedh of their widest 
points and, considoing the also the indinalions of the teeth, malce a trigonometrie adjustment so that the 
40 tooth contact poima are spaced by the tooth widths AOW at the height of thdr actual widest points, 

rather than assuming the teeth contact in the plane of their tips. 
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(900) The best ftt cuip fiep to which the bcA fa oquatioa is denved for mAadibular arch: 

Id this Kep, & ooatiauotu curve it denved tuiog tfi^ritfiral mcthodi to produce a bctt ftt huccaJ cusp 
equation BPBCE from the disoonoected tioe aegmeats of the MO, This is abo illustnted is Fig. 4A. 
In the cmbodimeat described below, a Bezier equation is used. A cubic equatk>n is then geaeraied from 
5 resulting data points that define the best fU equation. The cubic equation of the BFBCB is then 

convened to circle segment form as with the MTB above. 

( 1000) The mandibular teeth placement oep in which the positions of the mand3>ular teeth are calculated 
for placemeoc on the best fit arch equation: 

The positions of the lower teeth are then recalculated to move the teeth horizontal^, parallel to the 
1 0 MOC, such that the inctaal center points ICP I ie on the BFBCB. For incisors and ctupids» the /Cft are 

the tips of the teeth in the profile planes of steps (500) and (600). For the bicuspids and molars, the 
JCPm are the buccal cusp tips of the teeth. For purposes of placement of the teeth on the BFBCB or 
other archfonn, the ICPs are ammed to lie midway between the mesial and distal contact pointt of the 
respective teeth. Accordingly, tooth placement is achieved by moving the teeth normal to the circle 
15 segment associated wfth these ICFs. This reealculation of position has the effect of moving the roots 

of the teeth normal to the arch associntwd whh their iCPx, either labtally or lingually , such that their 
ICPs fall on BFBCB, when viewed from above. 

This placement is the fiaisb positioQ of the mandibular teeth. 
( 1 100) The maxillaiy placement step in which the maxillaiy arch is derived for ocduaton with the placed 
20 raasdihular teeth: 

This step fits the positions of the maxillary teeth to the already positioned mandibular teeth. The 
maxillary teeth hscve not yet been positioned with respect to any equation, but the inclination angles of 
' their dimensions and crown long axes CLAs have been detcnnined in step (600). This positioning 
involves setting the tips of the maxillaiy teeth on the BFBCB ^ with certain modiflcatioas to the equation 
25 and the plaecment criteria tn aecoont for the way the different types of teeth occlude. 

In adjusting maxillaiy tooth positions, the ctispids, the anterior teeth and the posterior teeth are 
treated separatdy to bring their rdevant oontact surfaces into three different respective arches that are 
then aligned relathre to each other. 

Since the anterior teeth do t^t occlude iaeiaal edge to iaeisal edge, the BFBCB is modified to take 
30 into account the distance from the B^CS to the labial contact points of the mandihulsr incisors and 

iateraU, plus a horizontal or labia] clearance, with the maxillaiy teeth. This defues the polats of 
ocdvaioa whh the maxillaiy amerion, st the intersection of their lingual surfaces with the plane of 
ocdtision MOC, These points lie in a maxillary anterior contact arch form HAAF. This equation is 
calculated by expanding the BFBCB, by enlarging the radii of the csrde segments of which it is made 
35 up, (o account for these tooth dimensions and the elearaaeea. 

The vertical posttioaing of the maxQlaiy aateriors and cuspids is then performed based on the vettical 
occlusion methods that have been prescr3>ed, establishing aa overlap for the incisors and cuspid rise as 
determined in step (700). This defines the vertical position of the maxillaiy cuspids and anteriors with 
respect to the MOC, end thereby defmes the indsal overlap or overbite. 
40 Plaeemeat of the maxillaiy posterior teeth places the intersectionB of the marginal ridges and the 

central grooves from steps (400) to (600) the cusps of the mandibular teeth with which they will occlude. 
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The maxilltiy tooch oiovemeatj aeokd to Achieve this ocduiioa are applied to calculate a ceotral groove 
marginal ridge arcb form CGMRAFby modifying \hcBPBCE. The ctup tzpi of the maxillary ciupida 
are placed benveea the archforms of the incisor* and of the posteriort, for example, by averaging tbe 
difiaace from the BFBCB to the MAAP and to the buccal coip of the ftrtt maxillary bicusp id , by placing 
5 the cuipid mesial tad distal contact points in contact with the adjacent teeth, by calculatiag a clearance 

as was done for the incisors or by some other criteria. Tbe arcbforms for the maxOlary tooth placement 
are illnstrated ta Rg* 4B. 

Tbe vertical positioning of the remaining teeth takes into account the occlusion and other prescription 
information input to step (200). The remaining calculations are set forth in detail below. 
10 (9Si Aoi^laMce Detin Proetdun: 

Tbe appliance design procedure (96), as Ulustnied m the nowehait of Fig. 2C. calculates (he 
dimeaiions of the appliance componeau in a form capable of being translated into NC codes for operating 
NC machinery for production of the appliance components, such as the brackeu aad arcfawires and also 
placement jlgt for iflfTftl1*"g the brackets in the proper positions on the teeth of the patient. In the appliance 
15 design procedure (96) ifidudet the following steps (1200) through (1 800), which are further illustrated in the 

detailed flowchaits of Figs. 3P-2V: 

(1200) The inandibttlararcfawire plane step in which the plane of the arcfawire for the mandibular teeth 
is defined bi relstion to the teeth of the mandible: 

Where labial brackeu ore to be applied, as illustrated ia Ftg. 8, a plane is selected for the mandibular 
20 archwtre that avoids iaterfereaee with the maadibttlar arcbwire aad brmckeu with tbe maxillary teeth, 

which overlap oa the labial side of the mandibular teeth. Where lingual brackeu are to be applied, this 
«tep is performed to define a maxillary arehwire plaae to avoid iaterfereaee between the lingually. 
mouated maxfllsiy arcfawires aad brackeu with the maadibular teeth that overlap on tbe lingual side of 
the maxillary teeth. 

25 This step involves the selection of the arehwire plane and defmea it ia mathematical relation to the 

AfOC. Oace defined, the bracket positions on the teeth ore detevminod such thsi the arehwire stou will 
lie within the dimensional limiu of the bracket. Where pouible, it is preferable that the arcfawire lie in 
a literally Oat plane and be symmetrical about the midline of the arcb. As soeh» the arcfawire will be 
properly shaped for iastaUatioo with either side facing upward. 
30 (1300) The ffw v«KMi«» slot laelfautioo step fai which the angles of the slou of the maodibuiar tooth 

brackeu of the appliance ore calculated: 

Tbe slot iadiaatioa angle for the mandibttlar brodceu is calculated from the ang^e becweea the 
mandibular arcfawire plane aad the aagle of the maodibuiar tooth surface to which the base of the bracket 
is to be mouated. The slot iacliastioa aagle may be achieved by cutting the ftiU oagle into the slot, by 
35 iaelitting the bracket base, or by both of these mrt hods 

(1400) Tbe maxilloiy arcfawire plane step fai whicb tbe plane of the arehwire for the maxillary teeth is 
defined in relation to the teeth of the maxilla: 

Tbe maxillary arehwire plaae ia tbe case of labial appliances, aad tbe mandibular arcfawire plane in 
the ease of lingual appliances, has few constninU on sU position and may be selected based on cosmetic 
40 considerations. It is usually selected as a plaae midway on the crown of the msxillary teeth. It is 

therefore normally not parallel to the mandibular arcbwire plane. Once defmed, the bracket positions 
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00 the teeth vc detennined luch that the uchwire tlou wUJ lie withto the dimeotionol timiu of the 
brocket. 

(1500) T^ft mjtTti iRfy alflt taclmarion sap in which the angles of the glott of the maadUarv tooth btactoi 
of the oppliADce are calculated: 
5 The slot ixkclinatioa oogle for the majtillary bracket! U calculated from the angle between the 

maxillary aicbwire plane and the angle of the maxillary tooth surface to which the base of the bracket 
it to be mounted. The slot hicUDatio& angle may be ocfaieved by cutting the fuQ angle into the stot» 
inclining the brackst baae, or fay both of these methods. 

(1600) The mandibular archwire and bracket tn-out dimension calculation step in which the slot depth 

10 and bracket geometfy is calculated for the mandibular tooth brackets: 

Por each bracket* the deepett and thalloweft slot depths is determined to develop a window into 
which the archwire must pass, as illustrated hi Fig. 8A. Then the smoothest archwire curve that will 
pass between the depth limits la detomined. The smoothest eurve is considered to be one with the least 
variation in radius changes along the curve, and preferably with no inflection pointa. A cubic spline 

15 equation is used to fit the points and the equation is then convetted to one of circle segment form. 

( nOO) The mazillaiy archwire and brocket in-cut dimension calculation step in which the slot depth and 
bracket geometry is calculated for the maxillary tooth bracketr 

As with the mandibular slot dqith calculatioBS , for each maxillary bracket, the deepest and shallowest 
slot depths tt determined to develop a window into which the archwire must pass. Then the smoothest 

20 archwire curve thai will pass between the depth limits is determined. Here to, the smoothest curve is 

considered to be one with the least varistson in radius changes along the curve. A curve with no, or the 
least number of inflection potntt is pte f erred. A cubic spline equation is used to fit the points and the 
equation is then converted to one of circle segment form. 

(1800) Tlie bracket placonent jig ifprignnrg step in which placonent jigs are designed for use in property 

25 positioning the costom designed brockeu on the patient's teedu 

After the brmdceta and arebwires are con^letety defmed as in the above steps, whh the depth and 
angle of the dots finsUzed for in the positiontng of the brackets on the teeth and the shape of the deaired 
orchwircs ore described molfaematicaUy , bracket placement jigs are designed that will be used to assist 
the orthodontist in ptodng the brackets at the proper locatiotts on the teeth. The designing of the jigs, 

30 in the preferred embodiment, is carried out in the software that generates the NC machine code in the 

performance of the jig manufacturing step (3500) below. This deferring of the jig design allowB for 
consideration of appliance hardware modificatkms thst may be made in the course of the bracket and 
archwire foiming steps (3000) and (3200), teipectivcty. 

The provision of the bra^ placement jigs Ambers a goal of the practice of otthodonUcs to treat 

35 f atfs to ^^h '— f ^^mrtimM mSrh thft le^ mnftmit of flffan^ discomfott and time expen de d. The portion 

of this goal that can be aocomplisfaed by appliance design and manufacture has been described above. 
While the individualized appliance geometries thus defmed will be fabricated, the ability to place the 
bracket portion of the appliance system on the teeth with sufficient accuracy to allow the appliance 
system to deliver the desired orthodontic relationship, heretofore not realized clinically, is provided as 

40 follows: 
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Tbe bnckeu are placed accordiag to the three cnteria: 

1. Height: The height is cfiAbliihed lo that the applia&oe causcs the upper and tower ceech to 
contact each other in the prescribod manner. 

2. Mesio-Dtgally : Tho metioKltAal location ta establiihed ao that the mettal and distal ridges of 
the teeth are parallel to the archfonn for thai patient. 

3. Long Axis : The bracket is aligned relative to the long aiiis of the tooth so thai the appliance 
system xipt the tooth to the desired angle relative to the arcbwire. 

From the vertical profQe data of step (500), and horizontal or three dtmensional profile dau of steps 
(300) and (400), the shape and size of each tooth is extracted, i nclu dm g particularly the proHle b a 
mesio-distal view at the height of contour or along a plane perpendicular to the greatest promioeaoe of 
the central devdopmental lobe of each tooth. Additionally, the geometry of the arcbwire slot has been 
accurately related to the respective teeth. This geometiy includes the intersection of the archwire plane 
with the tooth profde curve t the slot indtnation angle and the slot in-out dimensions. In addition, the 
wire size and bracket geometzy information are assembled, and tool size and clearance information are 
taken into aecouflL 

With this infoimatioo, a bracket placement jig is designed for NC controlled manufacture to position 
the slot, and thereby the bracket, precisely on the tooth. 

In Fig. 8D. a plastie jig S2 is shown which engages the walls and bottom of the bracket slot fully. 
Additionally, the portion of the jig 82 contacting the tooth designed to be fonned to precisely fit the known 
contour of the tooth , aa determined by the profiles input in step <500). This assures that the braekcc sloe and 
hence the bracket is placed at precisely the correct height when bonded to the tooth. 

Brackets are placed so that the slots are not neceasartly perpendicular to the long axis of the tooth 
but at varying degrees of cant Tlie jig 82 accomplishes this goal by the use of an adapter 84 that fits into 
the bracket slot 82b and a eoploiiar dot 84a (fig. ft) to ea^age the plastic blade jig 82, as illustrated m 
Fig. 8D. The Jig desi^ substeps, which are preferably performed in step (3500) and hiduded in the detailed 
flowchart of the jig manufacturing step of Fig. 2Z, are summarized in the flowchart of Fig. 2V. The design 
is converted into CNC code in step p500) for controlling the jig forming machinery 41 primarily to cue a 
contoured surface that conforms the profiles of the tooth so that the jig TiU in a precise position on the tooth 
to positwn the bracket for adhesion to the teeth. 

In installation performed in the treatment operation (89), the jig 82 is lined up with the long axis of 
the tooth crown when viewed from either the front or fiscial surface of the tooth and from the biting or 
ocdusal surface. A plastic blade form of jig 82 offers visual reference to the hdght of contour of the tooth 
and alignment of the bradtet with the marginal ridges. 
(97) AoDikmet Manufitet ^fi f^^i^^ 

The ^tiance manufacturing procedure (97), as illustrated in the flowchart of Fig. 2D, entails the 
generation of controller codes for NC machinery to ptt>duce the brackeUt archwires and bracket placement 
jigs designed in the appliance design procedure (96), and the manufacture of the appliance componenu widx 
the use of the machinery controlled by the codes. The procedure (97) includes the steps of: 

(3000) Controlling and operating the bracket fonning machinery 39 to produce the custom brackets: 

The bracket manufacturing procedure of the preferred embodiment involves the generation of NC 
code for the bracket slot cutttng mill 39 of Fig. ID, as illustrated in the flowchart of Fig. 2X. The step 
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involves the geometric rdating of the tooth profile ififormAiioD PP for each toocb. snd other tooth contour 
mformfltton of the thflpe of the surface of the tooth to which the bracket Ib to be »nm/'h^A fnm steps 
(300) and (400) » aod the archwire plane, slot inclination angle and slot depth tnfonnatioo from steps 
(1200) through (1700). In addition, the bracket forming step performs the function of selecting the 

5 bracket blank firom which the bracket is (o be fabricated. The bracket blank ia made up of a base or pad 

thai is attached to the tooth and aa outwardly projecting support into which an archwire slot is formed. 

The preferred embodiment includes the forming of brackets by cutting custom slots in bracket blanks 
while preserving the base inclination angle. Brackets could be alternatively fabricated by inclining the 
bracket bases or pads. AdditionaUy, bracket bases may be contoured to conform to the surfaces of the 

10 teeth, or a bonding agent may fin the space between the bracket base and the tooth. Furthermore, while 

in the preferred embodimeott, a mechanicftl cutter blade forms the bracket, other means such as wire 
EDM, machining, casting or stereo Icthograpby may be employed. 

(3200) Controlling and operating the Wtre-beading machinery 40 to produce the custom archwires: 
The software that operates the computer 30e to drive the wire bending apparatus 40 reads data files 

15 generated for the mandibular and maxillary archwires in steps (1600) and (17CK>) respectively. Also read 

by the computer 30c are data os the characteristics of the uaformed wire 69, including that relating to 
the eaaterial of which the wire is made, as well as its cross-sectional shape and dimension. The fde that 
b read contains coordinated data regarding calculated archwire segment lengths and radii which 
cumulatively describes geometrically the desired archwire shapes. As explsiord above, the archwires 

20 consist of a sequence of f ««g»«*»»*^ arc segments with each segment a particular length oixi radius. 

The arch forming software detennmes the position of the roller 70b of the anvil 70 that is required 
to produce a given radius in the paitleular wire material and cro ss secti on by going to a look-up table, 
previously derived and stored in a file accessible by the compntcr 30e, containing constants necessary 
to correct for each wire material and crosKsection. The anvil 70 is driven to the desired posi^n to 

25 produce the required radius sad the feed roll motor 70c Is driven to create the desired length of wire at 

that radios. By adjusting the position of the anvil roller 70b and length of wire fed for with the roller 
70b so adjusted, archwires 64 of the calculated fmal seqnealial tangential radii are fabricated. 
(3500) Controlling and operating the jig forming machinery 41 to make custom placement jigs for the 
location of the bnckeu on the patient's teeth: 

30 Themftchtneconirolcodesforeontraniagthejigfotmingmachinery 41 areprodueeddirecdy from 

the tooth profilca generated in step 500 and from the archwire plane location of steps (1200) and ( 1400), 
the slot inrlin f^'*T* steps (1300) and (1500), and the slot in-ovt dimensions from the steps (1600) and 
(1700). As stsied sbove, the jig design step (1800) is preferably performed in the course of, and is 
described herein as part of, the jig maoufaoturing «ep. 

35 The profile data^ which represents the profile curves with a fairiy high resolution of data points is 

a series of straight Ime segments for developing the codes for driving the NC equipment Tool and 
bracket dimensions and design clearances are also taken mto account, and CNC codes are generated to 
cut jigs from circular plastic wafers on a standard CNC mill using a small carbide endmill tool. The 
details of the substeps of the step (3500) are included in the flowchart of Hg* 2Z. 
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(98) AoDiiafiee Tmnrmistlon Procedure : 

Oae of the ultimaie objectives U to place the ciutom oithodoouc appliance 25 into the haads of the 
oithodootist 14. oloag with the tools sod informsttoo oecessory for the proper uutallotioa of the appliance 
25 m the mouth of the patient 12 to treai the patient by moving the patient** teeth to the calculated finish 

5 potitiont. Tbta ii beat undcntood by reference to Hg. 1. 

Referring to Fig. 1, as set forth above, the configuration of the preferred system iO will vary 
depending on the nature and scale of the orthodontist's practice. Preferably, all or much of the appliance 
design portion of the procedure (87) takes place at on appliance design facility 13. although in a large scale 
orthodontic dinte, the entire process could be carried out at the patient treatment location. Usually, however, 

]0 the functions performed in the design computer 30b, or design portion of the computer 30, are carried out 

01 the appliance facility 13, together with nme of the manufacturing functions performed by the 
manufacturing control computer 30c and the appliance manufacturing equtpmeot 38. 

In the configuration where, as iltustnted, some or all of the appliance 2S is made at the appliance 
facility 13, the custom appliance 25 is transmitted to the orthodontist 14. Along with the appliance 25 is 

J 5 communicated documentation ia the form of a hard copy printout of information 37 generated by the design 

computer 30b, which could also include documentation of the input dau that made up the data 26 and the 
prescription information 27, and n printout of parameters recorded by the manufacturing computer 30e. 

The tnntmiaed appliance 25 includes a set of arcbwires 64, as illustrated in Figs. 8E and flF, a 
complete set of custom bradceu 80, u iUuttrated in Tigs. 8D and 8F, and the placement jigs as iUustrated 

20 in Figs. 8D and 9T through 9W. Along with the jigs 82 are ittduded a set of adapters 84 that are used to 

align the slots 80b of the brackets 80 with coplaatf slots 84a of the jigs 82. The appliance and the bradcet 
placement jigs therefor are similar in the case of lingual appliances, a bracket for which is iUustrated on a 
tooth b Fig. 8G while the Ibgual appliance is shown positioned on the mandibular teeth in Fig. 8H. 

In addition, euatom archwtres 64 are traasnutted to the orthodontist 14. These arthwires indude 

25 arcbwires in the exact form, as iUustrated in Fig. 8E, to move the teeth to their fuUsh calculated posittons, 

as illustnted, for example for the lower teeth, in Fig. 4D. In Bg. 4D, the arcbwire 64 is shown m the 
unstressed state (or having aominal residual stress sometimes motivating some orthodo nt ists to prescr^ 
overcorrection) that it wiU aoain when the appliaaee 25 has moved the patient' s teeth to the calculated finish 
positions. This is the same shape as the archwire of Fig. ^ shipped to the orthodontist 14. This fmish 

30 archwire will be of a material and stiflness determined to be appropriate for the fmal positioning of the teeth. 

Depending on the severity of the initial malpoaitioalng of the patient's teeth, however, less rtiffardiwires, 
or tea^Msraiy aiehwirea may be deaired for beginning the erthodontie treatment. Thus, additional archwirea 
64 of variou properties but in the shape shown in Fig. 8E will be provided the orthodontist 14. In addition 
or in the alteraative to the provision of these additional archwirea, on actual size drawing or template having 

35 thereon the shape shown in Fig. 8E will be provided the orthodontist 1 4 to enable him to form archwirea for 

prdiminary treatment and rough positioning. 

In alternative configurationa, information m^ be sent from the design computer 30b in machine 
readable form , for example by diskette 34 or modem , to a manufacturing computer 30c to which is attached 
one or more of the appliance component manufacturing machtnea 38. 
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(89) PaSUnt Trtasment OoenHlon 
The patient treatment iovolvet. Tint, the ouembly of the respective bracket 80, jig 82 and ad«pter 
84 oombinotioas, as illustnted ta Ftg. 6D« and the applicoiion of the breckeu 80 thereby to the patient's 
tectfa. This involvea the applkotioo of adhesive to the area geoerally in the ecatcr of the face of the tooth, 
5 either labial or lingual, to which the brackeo 80 are to be applied. Thb is illustnted in Fig, 8D, for 

example, with the application of a brocket 80 to the labial face of a maxillaiy incisor Tqj. The osaembly 
is positioned on the tooth with the blade of the jig 82 positioned on a generally vertical labial lingual cross 
section through the approximate ceat^ of the tooth, in the plane that may be said to contain the crown long 
axis CLA of the tooth. 

10 When the bracket adhesive has set. the bracket placement jig 82 is removed by firvt si iding out the 

adapter 84 meaiodistalty and then sliding the jig 82 off of the inciaal edge of the tooth, leaving the bracket 
in the calculated position. 

Then, with the brackets 80 set on the teeth the arcfawire 64 is installed. Often, the first archwire 
installed will be one of lower stiffness than the fmal archwire. In the example of Ftg. 8F, the mandibular 

15 teeth in their initial position as illustrated in Figs. 4 and 4A ore shown. The bradcets 80 are positioned on 

the teeth in the exact same positions as shown in the calculated fuish position diagram of Fig. 4D. Because 
the teeth are not yet in this ideal finish position, the archwire 64, when in s e rt e d into the archwire slots and 
tied to the brackets 80, will be stressed into the elastically deformed condition shown in Fig. 8F. This 
stressed oonditlon of the archwire 64 operates, without the need of the orthodontist to aitfbUy bead the wire, 

20 to apply the forces to the teeth to urge them toward the ideal positions of FKg* 4D. This force win contiaue 

to be applied untfl the teeth hove moved to the fiaish positions. In soaie prescribed forms of treatment, the 
wire and brackets are designed to move the teeth to a slightly overoorrected position to allow for a rdoxadoa 
movement of the teeth whea the appUaace 25 is removed, 

DETAILS OF STEPS OF AFPUANCE ANALYSIS, 

25 Toorra posmoN calculation, and apfuance 

DESIGN AND MANUFACTO RING OreRATION (S7\ 
The aoatysis, design aad oaauftouriag operation (87), as stated above, includes the (94) input, (95) 
analysis, (96) design, (97) maaoftcniring, aad (98) traasmission procedures of a coraputertzed custom 
designed appliance monufactitring operation. The steps of those proeednres, as outlined above, include the 
30 following: 

Wgftfef /ff gitf frPff fiffrr (94) 
The input of digkized lafonnadon iadudes the (100) input of potieat and doctor identifying 
infoimatson» (200) the input of patient background information, (300) the input of digitized information of 
the horizonta] dimensions of the mandibular teeth and the mandibular bone, (400) the input of horizontal 
35 dhaeasioas of the maxillary teeth, and (500) the input of vertical labial4ingual profUe information of each 

of the individual teeth. 

The first step in the procedure (82), as illustrated in flowchart of F^ 2A, is (100) to input the 
doctor-patient ideatificatioa informattoa 17. This step (100), as illustrated in the detailed flowchart of 
40 Fig. 2E, includes the substeps, performed by an operator 28 in response to prompts for text input at a 

terminal of the computer 30, of (105) input of the doctor's name, (110) input of the doctor's identification 
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oumbcr, and ( 115) input of ibc paticm't aame. Then, ihe computer 30 (120) assignt a patient idcntincation 
number. WhhU>isinforxxiatk)o,(l25)apatiem-«pccificnoppydiakordiikoto formatted. 
aOO) Paiunt Bockmund Inout Suo: 

The aext Oep in tfae mfonnatioo input procedure (94), as Olusmed in Rg. 2 A, is (200) Che entry, 
5 in response to prompts, of the patient background information 19» and thepreacribed treatment information 

27 from the doctor. This step, as Uluscrated in the detailed flowchart of Flfi. 2F, involve* the subsceps of 
(205) eatertog, from thebaclcgrouttd information 19, the patient's age as numerical data, and selecting (210) 
the patient's sex and (215) the patient's race from options on the screen. Then, from the prescription 
information 27, the data are entered, by selecting choices from multiple choice prompts, from information 
10 ffucb as the following: 

(220) Whether or not the treatment is to include an extractioa, and if so, which teeth are co be 
extracted; 

(225) Whether the occlusion type is a group function or a cuspid rise, and if a cuspid rise, whether 
averages or individual head fUm is to be used; 
15 (230) Whether the prescribed procedure is to preserve lower intereuspid distance or allow 

expansion, and if expansion is to be allowed, how much expansion; 
(235) Whether or not the occlusion is mutilated; 

(240) Whether a Steiner compromise is to be allowed to srcommndatc skeletal discrepancy; 
(245) Whether a Roth or Rieketts inset is to be used on uppv laterals, and if so which; 
20 (250) Whether a Roth or Andrews upper lateral overbite ts indicated, and if so, which; 

(255) Which is the preferred slot size, firom traditional sizes 0.018* or 0.022" (0.45 mm or 0 J5 
mm), or other availehle size, of which 0.20' (0.50 mm) would often be acceptable; 
(260) Whether the ease is to be izeated with labial or lingual applisaces; 
(265) Whether the case is to be diagnosed using symmetry or not; 
25 (270) How inter-incisai angle is to be determined, using the Andrews Norms, the Parallel Upper 

Central to Facial Axis Norm, or Rldcetts Norm. 
QflOl Mamdlblt DirlOzed VUeo Inotti Sieff: 

The forming of the computerised mathematical model of the teeth of the patient 12 begins with (300) 
tfae ii^uting of video or other graphics top view image of the patient's lower jaw, ineludmg the teeth, as 
30 illustrated in thedetailed ilowchflit of ng.^G. Such an image ai input by the video scanner 43, is Ulustrated 

m Fig. 3. 

The step (300) includes the digitizing and pfoeeasing of the data of the widths of the mandibular teeth 
and size and shape of the mandibular bone or bone of the lower jaw 22 of the patient 12 from the horizontal 
plan view of the lower jaw as in Fig. 4. The mandible 22 is eomposed of hard or coxtical bone on the 
35 external surface and soft or cancellous bone in the interior. This bone is not as orthodontically alterable as 

is the maxilla. Since the lower teeth must remain in the mandible, determination of its shape and boundaries 
It made so that a skeletal arch can be defmed to be used as a startins point in the calculation of the finish 
position of the teeth. 

The lower teeth must lie on the mandible 22 in an arch that may be defmed as the mandibular trough 
40 AfT, as Ulustrated in Fig. .4. The roots of the lower teeth of the patient are eoniained within the mandibular 

trough MT, which U defmed as the space between boundaries and B, of Fig. 4. The outer, or buccal. 
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and biner. or ItoguAJ, boundaries Bg and B|,, respectively, are preferably digitized by interactive selection 
by the operaior 28 from an image 48 of the cortical bone of tbc mandible 22 on the ccreen 35. Furthermore, 
the mandibular imh mua lie in the arch in contact with one another. They each occupy a poitson of the arch 
equal to the dlGtanoes between their mesial and distal contact poiatg with the adjacent teeth. These tooth 
5 extremities are also prefo^ly digitized by interactive idection from the image 48. 

To (300) input data of the patient's mandibular teeth and lower jaw 22, as tllutfrated in the detail 
' flow chart of FIs. 2G, (305) a video grapbica image 48 (Fig. 3) of mandibular model 21 is first input to the 
screen 35 of the computer 30c. Then (310) a grid G is overlaid oo the video image of the mandibular 22 
as illustrated tn Fig. 4.. The grid G is presents grid lines that intersect the image 48 on the screen. The 
10 operator 28 (315) resizes the grid If necessary, and orians the image relative to grid G to define X»Y 

coordinates with a Y axis on a midline ML of the lower jaw 22 and an X axis perpendicular to the y axis 
through a selected iatersectbn point or origin 0,0, preferably set at the mesial contact poinu of the lower 
central incisors. 

Next, the computer 30 prompts the operator sequentially to select each point, first for the individual 
1 5 tooth contact points, then the jsw bone boundaries. With the pointing device 47 , (320) the operator 28 moves 

the cursor on the Kreen 35 and seleets (e.g., clicks with a moose on) the prompted point, thereby initialing 
the software for digitizing the X, Y coordinates of the mesial and distal extremities Af^, and D^^^ 

respectivdy, for each mandibular tooth. The mesial extremity M^f of a tooth Is the point on its surface 
closest the midline AfL along the mandftular arch (the mesial direction m) while distal extremity of a tooth 
20 is the point on its surface closest the rear of the mouth along the maadibular arch (tbe distal direction tf). 

From the X, Y coordinates of M^tf ^ ^r* ^ ^«r. ud Z)r» (325) the mesio-distal width MDTT, 
of each tooth /, on each side of Che mandMe 22, is calculated using ^rthagorean theorem: 

where: 

it mandibular X coordinate. 
Mf is mandibular Y coordinate. 
Dj is distal X coordinate. 
Of Is distal Y coordinate. 

These widths are then summed to calculate the total length MAL required of the arch to accommodate the 
mandibular t fft h. Since all of the teeih will be finally positioned to be in contact with tbe adjacent teeth, this 
length remains a constant length of any arch on which the mandibular teeth are placed In the calculatioas. 

Then, by moving the pointing device 47 to the intersections of the lines of the grid G with the visible 
boundaries and and sdecUng the mtczsection points, data ts ii^ut for determinatton of the shape of the 
mandibular trough AfT. The point selection funetion can be made with eooventiona] acvailable CAD/CAM, 
imaging or illufitration software and the pointing device 47. (330) From the selected intersections of the 
lines of the grid G with the mandible boundaries and B,,, cartesian coordinates Imj^j and ZJj;, of labial 
and lingual limits, respectively, of cortical bone on both sides of mandibular jaw are generated. The X, Y 
coordinates La and U so chosen are digitized as above on tbe boundary lines B^ and B^ of the cortical bone, 
between and interproximate the teeth. 



30 
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After the poinu La «nd U are cbosea rtpreteauag ibe cortical booe Itmiu, (335) midpoint 
coordinate* MPjf are caiculatAd between cacb of the individual lafaio-tingual pairs of La and U, Also, 
calculated ore the bone width dittanccs between cacb of the reipective lab io- lingual pair DLL^ as follows: 



DLL = ^(La, + LI,)* + (^a^ + "r>^ 

where: 

5 Loj i> labial X coordinate of point La. 

Loj ia labial Y coordinate of point la. 
Ux is lingual X coordinate of point Li. 
Ur 18 lingual y coordinate of point LL 

These midpointt MP^r* which li the designated origin MP^^t* lie on an arch that describes 
]0 the lize and shape of the center of the cancellous portion of the mandibular bone 22. 

At this point, the beginning of ths analysis for the calculation of the finish positioos of the teeth is 
carried ouL The coordinates of poinu MP^r w recalculated relative to a new origb 0,0 at the calculated 
midpoint between the mandibular centrals, to normaltze the mandibular trough equation to its own 
independent midpoint ^en calculated bdow. The sum of the individual mandibular tooth widths MDW 
IS equals the total dental length or munrfiKMiM aieh length MAL contained in the mandibular trough equation 

that will be conttnicted through the points KPxr* A^i^ i> referred to as the arch perimeter. 
At this ftoge, (340) the midpoinu are typically averaged right to left to eliminate any asymmetry that 
may be presot due to alight measofemem enort. If, however, the patient has been diagnosed by the 
orthodontist 14 to be of asymmetrical anatomy, the avenging process is not performed. Such a determination 
20 will have been made by the offthodoettit 14 in tho examination procedure (90) described above sod specified 

of the prescription 27 b ttcp (265) of the procedure (92) described above. An advantage of the averaging 
process is that, when used, ft anisti the final positioning of the teeth symffletrically about the midline ML 
and will make it easier for an arcfawire to be produced that is symmetrical from right to left, and thus can 
be made such that it can be installed in inverted orientation. 
25 The midline ML shown in Fig. 4 is the axis of such synunetry corrections. These corrections for 

each point MF^f are calculated as follows: 

FR- - J>L- ^ PR, - M,r 
Sj-MP^* -—2^ ^ ; 5, - HP, + ? 

where: 

S^y is the symmetrtcalized point ACPxr 
MPg^f '» fflid^int of mandibular trough 

30 PRx.T *>s ^ P<>"*^ ^^S^^ 

PLx,f u the corresponding point on left side of the trough 



wo 94/10935 



5 



10 



15 



20 



25 



30 



PCr/US93/10858 

- 35 - 

With the completion of thU fymmethc&Ji-ZAiioa procesi, & mathematical equatioo MTB, which 
dcficribes (be size and ibope of the mandibular trough according to iteps (345), (350) and (355), ii derived 
by fitting a curve to the points MP^j, Preferably . this curve is derived by fitting a seriea of cubic equations^ 
such as a cubic spline equatioo p to pass smoothly through the points, for crumple, through the averaged 
midpoints cubic equations allow the determination of the slope of the curve at each of the 

fflidpomts. 

The cubic equations are then preferably convoted in form to a scries of aegmeata of tangent circle 
equations with slope* equal to the slopes of the cubic spline at the midpoints, and equal to the slopes of the 
adjacent circle segmeats at the segment end points, or iheir poLnu of intersection, along the curve. To fit 
a cubic equation with quadnttcs, two circles CS and CL are used to deecribe each segment of the htTB 
between midpoints, as illustrated in Fig. 5. This allows a smooth curve consisting of tangential circles to 
represent the numdibulor trough. 

The cubic equation calculations ore preferably those performed by (345) calculating cubic spline 
parameters required to pass a smooth curves through symmetricalized midpoints 5^f as iUostrated in Fig. 5A. 
This includes (350) calculating the slope of the cubic cpline curve at each symmetricalized mid-point S^f or 
Sj^jy and (355) calculating a series of tangential circle equations whose slopes are equal at the mid-points and 
at points of intersection along the curve. 

(345) The cubic spline method preferred uses a cubic, or third degree, polynomial Co interpolate 
between each pair of data points 5^,. A diflerent polynomial is used for each interval, and each one is 
constrained to pass through the origmal data with the same slope as the data. (350) The slopes of the cubic 
equatioo are computed by solving the slope of * parabola that passes through each data, point and its two 
nearest neigbborv points. The cubic splme method is described in more detail in the discussion of the cubic 
spline sttbroatlne (2(X)0) bdow. 

(355) Any point on the cubic spline equation can now be calculated by using a cubic spline 
inteipolation. Using this, the ciibic spline equation is subjected to a circle segment conversion by which the 
form of the equation HTB is converted to a series of circle segments that interconnect tangeatially . Once 
the spline equation li derived, the slopes at each data point are calculated u^g the point slope method. 
These slopes are utilized to derive^ between each pair of data points on the spline equation, the description 
of two circle segments, each from one of two circles as iUttStrsted in Rg» 5, to convert the hms to a series 
of circle segmenu througbout its length. HUs facilitates the setup of the teeth, the description of the 
conftguimtion of archwiret, and the gen er a ti on of NC code for the manufacture of the appliance. The spline- 
to-circle conversioa routine is described in l^ttthtf detail under routine (2100) below. 

The input procedure continues. (360) Cartesian coordinates aie input for right and left mandibular 
cuspid cusp tq)* CX and ex. ceopectivety, as illustrated in Fig. 4. (365) A distance DOT between the cu^ 
tips CX and CL of the two mandibular cuspids is then calculated: 

where: 

CRx — r<Eb* cuspid X coordinate. 
CRf => right cuspid Y coordinate. 
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CLg left cuspid X coordiiute. 

CLf = left cuspid Y coordinaxe. 
ThtB infoniuiioo ic used to calculate if sad how much the mandibulsr iotercuspid dtsunce is to be altered, 
and to evaluate whether the calculated ftnaj pontioa is Mceptable. Similar^. (370) carteaias coordinates or 
S right and left meaio-buccal cu^ tips. AOt and AiL, respectively, of cnandibular first molars are calculated, 

and (375) the distance between these points DMT is calculated: 

DMT = ^JtfR, + ML^) * + {MRj ♦ i£L,) * 

where: 

MRj B ri^t first molar cusp X coordinate. 
Afflr = right Tirst oMlar cusp IT coordinate. 
10 MLg s left first molar cusp X coordinate. 

MLf » left .first molar cusp Y coordinate. 
This infonnatioo is used to determine if and bow much the mandibular intermolar distance is to be altered. 
(400) MarlM DtsiHiBJ VUto Input SUd: 

As with the mandibular jaw information described in connection with fig, 4, (400) acomputer image 
X j IB made from input in the same manner from the upper model 23 of the maxillaiy jaw 24 of the patient 12, 

as illustrated In the flowchait detail of Fig. 2H. This involves the substeps of (405) inputing a video image 
48a of maxillary model 23 to the computer screen 35. The image 48a is illustrated m Fig. 4A. With the 
maxilla, it is not necessary to overlay the grid G on maxillary image on the acreeo, since the bone of the 
maxUla is a variable that will be altered orthodontically to accommodate the finish positiou of the teeth. The 
20 orioitation of the axea and position of the origin are munaterial to the calculation of the relative distances 

such as hWW of the teeth. Only the scale must be maintained. At with the mandibular information, the 
image of the maxillary jaw 24 is di^layed at a scale predetermined fay the scanner 33 . The scale is involved 
in the calculation of the maxiUaiy moth widths MDW. 

(420) Cartesian coordinates of mesial and distal extremities and of each maxillary tooth are 
25 then input as with the mandftular teeth and (425) the mesto-distal width MDW of each maxillaiy tooth is 

calculated using I^thagoreaa theorem, thus: 

MDW » ^(Jar, + D,)* > {Rr + ^r)* 

where: - - 

Mg ia mesial X coordinate. 
Mr is mesial Y coordinate. 
30 Dx l* digtal X coordinate. 

Dy, is distal / coordinate. 

This informatsoo is used first to determine whether the maxillary and mandibular teeth are correct 
in proporUon to the mesiodiscal widths MDW of the other. If the proportions are incorrect, a tooth size 
discrepancy TDS is said to exist, and the information is recorded to report to the orthodontisL The MDW a 
35 of (he maxillary teeth are later used to place the maxillary teeth upon the mandibular arch. 
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Next, (430) coordiaatei of the ceatral fossae of right and left maxillary first molars arc input. Tbco, 
(435) the disumcc becwe«o ceatral fossae DCF is calculated as follows: 

where: 

is right side central fossa X coordinate. 
5 Hy is right side central fossa Y coordinate. 

IB left side central fossa X coordinate. 
£7 is left side ceatral fossa Y coordinate. 

This information it recalciUated alter the tooth finish positions are calculated to coincide with the 
i>MT spacing of the mandibular first molars* and compared with this initial measuremeot as an indicator of 
10 whether the intennolar width will be changed by treatment and the amount of such change, if any. 

(SOO) ntMred Probe Tooth ProflU Intmt Sito: 

The next input step (500) involves an analysis of Che dentitioa, as illustrated in the detailed flowchart 
of Fig. 21. In this step, selected profiles of each of the teeth are generated from either the model 20, or from 
a digitized three dimensional tcprcaeotation of the patiett' t teeth or the model 20 as mostrated in Fits. 3A 
15 tad 3B. In the illustrated eotbodimcnt, the use of the probe assembly 57 of Hg. IC is used in this step. 

When the fiill three diaeasional scan has beea employed in step (300), as eould be produced w^ 
the use of the laser image generator (Fig. IB), or as could be produced with moire tm^ge generator or other 
technique^ a digitized computer model is produced. From such a computer moddt which Is on electronic 
version of the modd 20 in the form illustrated in Figs. 3 A and 3B, planes or other cross-sections through 
20 the teeth are selected that contain extremities of the teeth. The three dhneostoaal nnagee may be displayed 

on the screen 35 and profiles generated either with the pointing device 47 in a maimer similar to the use of 
themechanical probe described below, or automatically usiagavatlahleCADor illustratton imaging software. 
Whether the prafilefl are geserated ftom a physical model 20 or an electronic version thereof, much of the 
input step (500) and/or the laadmaric sdeetion step (fiOO) may be similarly employed. 
25 la the preferred use of die information from the probe assembly 57, a single digitized profUe curve 

PP is constructed for each tooth In a geaerally vectscal plane extending in an spproatimatdy labial-lingual 
orientation geacraDy along the central dcvetepmeotal lobe perpen dicul a r to the marginal ridges. WhUe other 
profiles can be taken, the seed to do so Is reduced by intelligeot piano selectioo made with an understanding 
of tooth anatoBiy, depending on the data required by the tooth posiUoniag and appliance design crteia 
30 en^loyed. The selectioo of the profUe plane U Ulusttated in Fig. 6 where a first profile PPj^ through the 

center of the tooth is shown as missing the buccal cusp tip which is the nwiximum crown highpoint of the 
tooth. Profile PF^ is then selected to include the buccal cusp, and the ridge of the profde is found to 
generally align with the lowpoint oiPPj^. Alternatively, the profde may be non-plaaar to pidc the important 
featura of both planea. As such, the profile produced will be comparable to a projectioa onto a plane of 
35 the relevant tooth extremities. 

The step (500) of analysis of the dentition includes, first (505) examination, by the operator 28 of 
the computer 30a, of the marginal ridgee of the upper central and upper lateral teeth. If ridges arc excessive, 
a determinatbn is made to take a profile twice with the probe 60, once by smoothing the teeth, for example 
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with wax, for arch coordinAtioa aad oace without Knooching for placemeat jig goomeiry . Otherwise, a single 
profile takea ^ron the buccd cu^ w3l costua infomutioa of the crown height of the tooth u wdl as 
approximating the profile of the tooth through its mettodistal center with accuracy thai is usually sufficienL 
Then . (5 10) a determination is made as to whether one or two traces of maxillary incisor teeth are to be input 
5 as in seep (505) above. 

(5 1 5) The computer 30a is configured to reeeive sequential cartesian coordinate pairs through an RS- 
232C serial port representing tooth profdeaiiatoffly firofflthe orthogonally positioned displacemem transduce 
61 . (520) The computer 30a prompts the operator 28 to enter the profiles of each tooth sequentially. In 
response to the prompts, data points of each tooth are input, beginning with lower left molar T(B,L, 6) and 

10 ending with upper right molar TfUfRfS)^ and a display 63 of profile PPj image is generated. The output 

circutu a MOf^i *t#^ with the tnniduoen 61 are configured to digitize dat& values at periodic time intervals as 
the probe 60 is moved across the teeth from the time the probe fira staitft to move across the tooth until the 
operator enters a command or key stroke indlcadng that the scan is complete. Then (525) the input profile 
Amim of each of the teeth ts stored in memory by the computer 30. The resulting profiles PPj are illustrated 

1$ inflg. 3C. Theseprofiles, at this stage, are not related to the positions oftbe teeth within the mouth or with 

respect to other teeth. Thus, each of the X-y coordinates of the individual tooth profiles are independent of 
each other. In step (600) below, the coordinate axes of each tooth will be oriented with respect to each 
other, and thereafter, in later 8tq>s (800X1 100), the coordinates of each profile are translated verticaUy for 
proper occlusion and horizontally for placement on their respective arches. 

20 f95\ Aiud^tit arndPlnish Tooth Posidon Calf'l^^^f f^ff ^'fT 

The calculation of the finish positions of the teeth, as tUustrsted in the flowchart of Fig. 2B, includes 
(600) detennining the relative positions of geometrie landmarks on the surfaces of the teeth and establishing 
the axis inclinations of the teeth, (700) calculating cusp id rise, (800) initial lypositiooing the mandSnilar teeth 
vertically and in relation to the mandibular trough, (900) calculating a best fit cusp tip equation for the 

25 mandibular teeth, (1000) calculaUag tlie finish positions of the mandibular teeth on the best fU equation, and 

( 1 100) calculating the finish poaitions of the maxillary teeth on three arches related to the best fit equation. 
(600) Tooih Landmark f^^^ffff^t^^^ ,^"^TT*T i^fP^ 

After tba indhridual teeth have been di^tized, the inputing of tooth shape daU (94) is complete, with 
the digitized information 26 stored a file. Thea, referring again to the flowchart of Fit- 2, (95) the input 

30 data 26 is analyzed to develop or derive further parameters for calculating the fmal positions of the teeth and 

for (96) the design of the appliaaee 25. In the tooth positioning analysis (95), u Qtusmed in the flowchart 
of Fig. 2B, (600) a tooth profde analysis is made in which, for example, certain anatomical landmarks are 
chosen, depending on the tooth to be analyzed. The details ofthe tooth profile analysis are Olustrated in the 
flowchart of Fig. 2J. 

35 In the tooth profile analysis step, (605) individual images 63 of the profile curves PP, of each tooth 

(Fig. 3C) are recalled separately to the screen of the computer 30b for selection of the landmarks. 

Using the displayed images 63 of the profile curves PP,, (610) specific landmark points are chosen, 
first on the mandibular molars and bicuspids. The selected points sre digitized as illustrated in FSg. 6. The 
selected points are: 

40 Point Pfi The Lingual (tongue side) gum/tooth intersection. 

Point PfL The prominence of the lingual cusp. 
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Po'wx /V promioeaoe of the buccal (cbedc tide) cu^. 
Point Tbc buccal gam/tooth mtenecboo. 

From these Itadmozks. (615) the crown long axis CIA of each molar and bicuspid profiled is 
determined. The dcterminaiioD is made by coasDUcting a fint line becweeo poinu P, and P, and a second 
5 line L, between points P, and The crown long axis CLA of a tooth is the line between the midpoints of 

L| and Lf. 

Line Lj is constructed through point F, 
and point Fj by the following equation: 

y-r» ■ y» - n 

where: 

10 XfJi m XandY coordiaotAs of poim 

Xj,Yj = X and y coordinates of poiot 

Line £, is constructed through point F, and point F^ by the following equation: 



where: 

X,.Y, ^ XanAY coordinates of poioK F^. 
IS X^Y^ « JT sad y coordinates of point F^ 

A point equidistant between points P, 8od Fj along line Lf ia then calculated and defuied as F^ 

P - ^ . 

where: 

X^Yt e Xaad y coordinaset of point F^ 
X^Y, » JTaod y coordinates of point Fj. 
20 A point equtdiftaat between poiau Pj and F^ along line I.^ is also calculated and defmed as the 

Gingival Center Point GCP: 



0CP, 



where: 

Xj^y, B JIT and y coordinates of point F|. 
Xlf^y^ * Jtand ycoofdinotea ofpoiatF^. 
25 The line defining the crown long axis CLA is constructed using the following equation: 

where: 

X^Y^ = X and y coordinates of the center point P^ 
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X^Yoe^ ^ XtaiY coorduate* of gingival center point GCP^,. 

For moUn and bicuipidi. point the buccal cusp tip, is defmed as the Inciial Ceater Point ICP. 

Similarly. (610) the aiulomical landmarics and crown long axis CLA for the mandibular cuspids, 
laterals and cestral teeth are detenntned, as illustrated in Fig. 6B. The points P, through P^, as labeled in 
5 Ftg. €B, ore sdected as follows: 

Point Py, The lingual gum/tooth intersection. 

Point P^ Tbe lingual aspect of the iocisal edge. 

Point /V Tbc buccal aspect of the inctsol edge. 

Point P^ The facial gim/too\h intersection. 
]0 As with the bicuspids and molars, lines JL, and L, are constructed. The landmarks in the cases of 

the teeth as illustrated in fig. are chosen because they are relatively tolerant to operator error in 
selection. This can be seen by the set of broken lines thai are possible alcematives to L, in Fig. 6B. From 
these landmarks (615) the crown long axis CLA is determined as defined Above, by connectton of the 
midpoints of Lf and L,, 

15 The next step in the analysis is the dcterminadon of maxillary dentition for each upper molar and 

bicu^id. (610) Anatomical landmarks are identified and chosen as Ulustrated in Fig. €C, which requires 
(612) the selection of a fifth point, P^ defined as follows: 
Point Pfi The lingual gumAooth intersectiott. 
Point Pj: The prominence of the lingua] cusp. 
20 Point iV prominccoe of the buccal cusp. 

Point P^ The buccal gumAooth tntenectioa. 

Point Pfi The mesial marginal ridge of the tooth at central groove. 

Referring to Fig. 6C» from the landmarks, (615) the crown long axis CLA of each applKable 
maxilloiy tooth is detennhied. 
25 The (6 10) anatomical landmarks for the maxfllary cuspids, laterals and ceittral teeth are decermined 

asiUusCracedSaFlg. 6D. The points lsbeledi>| through ore selected, as foUows as iUustrated in Fig. CD: 

Point iV The lingual gam/tooth intersection. 

Point Fj: The lingual aspect of the inasal edge. 

Mnt iV The buccal aspect of the incisal edge. 
30 Point P^ The facial gum/tooth intenection. 

From each of these aeu of landmarks, the crown long axis CLA of each such tooth is also determined 
as described (615) above. 

Tilts eon^jletes the loop (620) for aU of the teeth. 

Next, as ftirthcr illustrated in Fig. 6D, (620) seed votues for setting the crown long axis inclinations 
35 /jU of the teeth. Initially, such seed values may be derived from analyses thst identified the fiuial axis plane 

FAP through the facial axis point FA of the tooth (the midpoints of Che height of the clinical crowns along 
the facial axes of the clinical crowns) as described by Dr. Lawrence Andrews. It is, however, contemplated 
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that CLA rpffi values for various populolioo groups will be gmtiiticftlly derived in the coxirse of the practice 
of the present invcotioo, and will produce improved treazmeot results. 

The ffffj valoes shown in Table 1 below are typical for raiicftsifln tnoles. These seed values for 
tooth LAlt ttbttlaced in degrees firora the borizooto) lingual (-X) axis, will vary to reQect known voriotioas 
due to such things as sex. 

The preferred seed values are shown in Table 1 below are typical for C a u cas i an moles. These seed 
values will vary to reflea known variations due to such things as sex, race or treaanait plan. 



. Tooth 


Maxillary 


Mandibular 


Type 




Crown LAI 


Central 


117 


107 


Latml 


112 


107 


Cuspid 


108 


100 


1* Bicuspid 


94 


83 


2^ Bicuspid 


94 


80 1 


1* Molar 


X 


X 1 


2^ Molar 


X 


X 1 



TABLE 1 

The computer images as summarized in fig. 3C for each tooth (630) arethea rotated to that the CLA 
is oriented at the angle LA/, the long axis todinstion angle, to the aiaodtbulor trouglft plane AIT according 
to the vahiea in Table 1. This compotes the fmai inclinatiotts of the teeth that will be preserved in the 
calculations below. . This produces the oriented profiles FF summarized in fig. 6£. 

In the analyses of Andrews referred to above, the LAls were established with a line drawn 
tangent to the facial surface at , and tine representing the relative inclination of the arcfawire plane drawn 
through FA potnL The angle benveen the lines was established at die inclinations r^vorted by Andrews for 
patieou with no dceletal discrepancies. The angle LAt between the crown long axis GLi and a line 
representing the maxiUaiy aicfa plane in which Ues the mandibular trough equation hTTB is related to the 
facial indinatton an^es of Andrews' studies by tsking into account statistically the thicknesses and contours 
of the teeth. Table 1 above was derived, ate statistical processing, to produce the seed value used for the 
Tmal Inclination of the crown long axis m preferred ocelusai design. 

Onoe the tooth profiics have been rotsted to the indinstioo angles LAM, certain precise vertical 
^in F""***"** and extrcmitica can be determined. Vzom the digitized profde eurves, which are stored in 
memocy in the form of a series of closdy spaced points, the precise incisal tip /C, as illustrated m figs* 6F, 
6H and a, are identified on the cuspids, taieraU and ceatrab. 

Additionally the elevation of the marginal ridge F^ is identified. The marginal ridge elevation JURE, 
which is the vertical distance from ?| to is identified on the maxillary posterior teeth because they are 
the centric stops for the buccal cusps of the mandibular molars and bicuspids. In other words, point P« on 
the mandtbttiar molars and bicuspids contacts point F^ on the maxillary molars and bicuspids when the teeth 
aretogether» as illustrated in phantom linei>H„ in Fig. 6C. For a mere precise placement ma less common 
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case where the maxiilary ridge *5 narrow is relatioa to the mudibular dp (phantom line PB^, a nu)rc 
detailed three dimeasiooal analysis ofthe tooth shape can take into accooat additional correctioo n e ed e d. The 
calcuiatioD of MRS (Fig. 6C) is fluade after rotatioD of the leech to their proper LAI inclinations so that MRS 
will be a vertical distance, where is measured relative to the plane of the dental arch. The MRE is used 
\ 5 as the buccal cusp height BCH m the calculation of cuspid rise and arcbwire plane plaocmeat as dcGcribed 

below in the discussion of figs. 7A and 8. respectrvety. 
(700) CusdU RUt DetermlP'*» *^'\ 

The next step of (he analysis procedure (ST) is 000) the calculation of cuspid rise, illutfratcd in detail 
in the flowchart of Fig* 2K. 

10 Most orthodontists currently desire a cu^id rise occlusion » in which » in lateral movement of the 

lower jaw, the cuspids cause the other teeth to disdude or to come apart. In order for this to happen, the 
overlap of the cuspids mutt be greater than that of the other teeth when the teeth are together. This is 
complicated by the fact that the cuspids </s5) are dose to the front of the mouth and are therefore further 
from the condyle or pivot point PP of the jaw than are the poscerior teeth (/> J), as iUuscnted by distances 

15 DJj in Fig. 7« This results in the teeth closer to the back of the mouth moving less than the cuspids on 

opaing. This differential rate of movement must be included m the calculation of cuspid rise or the back 
teeth will remain in contact after the cuspids have deared each other. Also, the distance DPP from the 
occlusal plane to the pivot point PP of the condyle of the jaws must be considered, as iltusttated in Fig. 7. 
A failure to provide for this distance resulu in what is known as working interferences. 

20 According to the preferred embodiment of the present tnveatton, where cuspid rise is prescribed to 

control occlusion, the contribution of cuspid rise is distributed between the maxillary and mandibular cuspids, 
with two parts of the cu^id rise provided by the maxillary cuspids and one part fay the aanda>ular cuspida. 
This distribution is applicable where ocdusion is solely to be a cuspid rise functioD. Where ocdusion is to 
be a group function, as q>ecifled fay the orthodontist 14 in the prescriptioa 27, the dlstrbution becweeo the 

25 upper and lower teeth is generally equt. 

In the sttbstcps performed b the calculation of the cuspid rise C700), illustnted in detail in the 
flowchart of Iig. 2K, the first substep Is (705) to nequire the initial vertical distance or buccal cusp height 
BCH from P, to the marginal ridge for each of the right and left maxillary first bicuspids T(U,4}, second 
bicu^ids T(U,5), first molars T(Ut6), and second molars T(U,7), as Ohtscrated in Fig. 6C. ThU is the 

30 marginal ridge devation MRS calculated for each of these teeth in substep (615) of step (600). Then , from 

anatomical study, (710) the cuipid rise vertical height CR required to dear each respective pair of teeth is 
determined by fim computhig the vdoes b Table 2, which are derived from the jaw dimensions DPP and 
DJf b Fig. 7. required to dear each respective pair of teeth is determmed by first computmg the values b 
Table 2. 

35 L67xBCBqfT(U,7) 

IJOx BCB€fT(U,S> 
U6xBCBcfT(V.S}and 
L20xBCBcfT(V,4}. 
TABLE 2 

40 Then, (715) from the products of the buccal cusp height BCB for each such tooth multiplied by the rise 

factor listed above, the largest value is sdected. This selected product is the cuspid rise required to dear 
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the moa promtocat oup and provide group fuactioo occJutioD. TbU is tllustnicd u BCEf in f\%, 7 A for 
Che caie wbere cfae fim molars are tbe Usi u> dear. 

(720) If the group fiincdoa hai been urlrttrA tn the preacriptioo 27 provided by the onhodontia 14, 
the calculated rise is used as is. U cuspid guidance has been selected is the prcscriptioa 27 of the 
S ortbodootist 14, the calculated cuspid rise factor must funh» be modifted to give lypicaUy 0.5 co 0.75 mm 

of clearance over the largest rise factor by mult^lying the buccal cusp height BCB for each tooth by the rise 
factor listed above and (ejecting the largest figure, then adding 0.5 to 0.75 mm additional cuspid overlap to 
obtain and adjusted cuspid guidance cuspid rite. 

(725) Calculation of cuspid overlap or cuspid rise CR for majtillaiy and mandibular cuspids is 
10 preferably as follows: If group Amctkm hat been selected, mandibular rise equals 50% total group function 

rise, and maxillary rise equals $0% of the total group function rise. If cuspid function has been selected, 
mandibular rise equals 34% of the total cuspid guidance rise, and maxillary rise equals 66% of the total 
ctispid guidance rise. 

(800) M^Hkr Twffi nmmni gffp* 

1 5 The next step in the analysis procedtire (87) is (800) the mathematical construction of the mandibular 

occlusion to calculate the position of the mandbular teeth. The details of this step are tllufitrated in the 
flowchart of Fig. ZL. The first calculation places the tips of the mandibular teeth on an occlusal plane 
pending fmal refinement of the plaoement, oa diagrammoticaUy Ulustrated in fig. fiB. In this step, the 
inclinations of the mandibular tooCh crowa long axes CLA ore p r eser ved, and the teeth are moved upward 

20 oloog their Ciji's until their tips are iaaUgnmeat with the plane of the top of the tallest tooth The CLi's 

ore placed to intersea the JITO below the lootb GCP, Because the teeth aro inclined at difTerent LAJt, or 
long axis inclination angles, the tooth tqis will each be difTerently offset from the MTB, and thus not in a . 
smooth arch. 

The subateps of the mandibular plaecment step (800), illustrated in the flowchart of fig. 2L, are as 

25 follows: 

(805) The tallest mandibular tooth, with the exeeption of the en^ids, is identified. In Rg. 6F this 
is illustrated as the left t»«i»fihtiinr ceotral. The tallett tooth is the tooth with the greatest crown height CB. 
The crowa height CH is the diAanee, in the Tdtreaioa (with the teeth profUee oriented as described in step 
(600), from the GCP, the point of intersection of line and crown long axis CiA , to highest point on buccal 

30 cusp, e.g. (for posterior teeth) as illusttated in Fig. 6F and (for the anterior teeth) to either the incisal 

center point ICP or, preferafafy to the mcisal tip /C, as illustrated in Fig. The crown height CB of the 
tallest tooth, shown as the left mandanilar central iacisor in fig. CF. is the mmttmimi crown hei^it htCB 
of the mandibular teeth. 

Then, (810) three paralld pianea are established: 

35 a) an MCB reference plane MCEP parallel to the Jt-axts, and passing through an origin 0,0, set at the 

OCP of the tallest tooth (figs. 6Faad 61); 

b) a Buccal Cusp Plane BCP parallel to X-axis and passing through coordinates 0, MC3 on the tallest 
tooth (Figs. 6F and 61); and 

c) a Cuspid Rise Hone CStP parallel to JT-oxis and passing through coordinates 0, where CA is the 
40 cuspid rise calculated in step (7(X)), where the cuspid rise option has been selected. 
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With the planes defined, (815) the orteated mandibular tsedt ore plaoed fu^ that the highest point 
OQ buccal cuip tip or inciial tip tC of each cootacu the buccal cuip plane BCP, for all teeth except the 
cuspids, as Uluatrated ftnther in Fig. 6T. The BCP thereby ia eftabli«hfd aa the occluaal plane MOC, The 
reference plane MCBP ta wOL equal to the plane of the mandibular trough MT. Tbia sea the GCP of the 
5 lallea tooth on the MT^ with the GCP*t of the remaining mandibular teeth above it. It also sett the occlusal 

plane MOC a disbuce MCB from the mandibular trough MT. The absolute highest point on a tooth crown 
is preferably used to align the teeth with the BCP. Such a point can be decereuned by additional point 
selection in step (500)* such aa by the direct selecting of the point IC for the precise incisal tip, or preferably 
by calculating the highest point directly from the profOes of Fig. 3C or from three dimeasional images as 
10 in Figs. 2A, 2B after ratBlios of the teeth to their fuial inclination angles LAJ, at the end of ocp (600). 

The neaa stage in this step is to csublish the mandibular con^oneat of cuspid rise. This Involves 
(820) verticaily moving the cuspids by, for example, sliding the cuspids along their crown long axes, such 
that the cuspid cusp tips are at the appropriate height above the mandibular ocdusal plane, that la, in the 
plane CR?. 

IS At this stage, the vertical positions of the mandibular teeth relative to each other ate calculated, 

providing a basis for relating the Y coordinates of the individual mand3>ulsr tooth profiles with respect to 

each other as Olustrated in Figs. (F and 7C. 

Then, with the mandibular teeth vecticaUy positioned, the teeth are horizontally set at temporary 

positions widi respect to the MTE, whidi lies in the plane of the mandibular trough MT {MCEF^, Thu 
20 horizontal positioning, in effect, relates the X axes of the individual tooth profiles in a horizontal fai-out 

direction with respect to the mandibular arch and special meatodistally along the ma n dib u lar arch. 

p^tf#^ the picferred goal, however, U to position the tips of the teeth in the smoothest arch in an 

occlusal plane MOC rather than their gingival aspects in a smooth arch at the mandibular trough AfT, (825). 

a horizontal distance OFFSET for ttch tooth is calculated, based on the tooth and the crown long axis 
25 inclination LA/ determined in step (600). This offset is the horizontal distance from the AITV to the tooth 

tips when their GCFt are placed on the MTV. 

For mandibuUr ccmrala and laterals and cu^ids, the OFFSET is calculated fay dividing, by the 

tangent of tA/, the verttcal distance from (1) the intersection of crown long axis CLA and the i&cisal tip IC 

to (2) the intersection of CLA and maximum cusp height reference plane MCBP. The vertical distance may 
30 be ra k u lst H from the /C to the MCBP (equal to the r coordinate of poim IC, producing the incisal center 

vertical distance /CD.) Fdr mandibular laterals and centrals, /CD equals AfCff. For mandtbuUr cuspids, 

/CD equals the r*««<a»ni.r cuspid rise component, which is MCB-^fTotal CS}/3 when cuspid rise function 

occlusion has been adeeted. The calculation of the OFFSET for centrals, laterals and cuspids would thus 

be as follows for the iacison sod laterals: 
35 OFFSET « lCD/mH(LAJ) 

(831) For mandibular bicuspids and molars, referring to Fig. 6F, the OFFSET im calculated aa the 

horizontal distance from point to the intersection of the CLA and the MCBP aa follows: 
OFFSET « IMCB/m (LAI)] + BD 

where BD equals the horizontal distance from pohit P, to incisal center point /CP. 
40 Then, (835) the manda)ular trough placement point MTPP is defmed as the intersection of MCBP 

and CLA, aa iUustrated in FIgs. 6G and 6H. For the tallest tooth. MTPP is iu GCP, as illustrated in 
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Fis. 61. The MCBP is at the level of tbe mondlbultr Croogb tod cootuns the AflV. The hfTPP U the point 
on the tooth thai ta ioHially placed oa the hfTB* 

Next, referriog to ftg. 7B and 7Ct the teeth are placed with tbetr AfTPP'^on the maadibuJar trough, 
one aide at a time. To achieve this, (&40) the tubroutine (2200) is called twice, once for the left tide, aod 
5 once for tbe right side, as follows: 

The mandibular trough equatioD MTE is first adjusted for the mandibular centrals to increase the 
radii by the amotmt of the central OFFSET for that poniculAr tooth, as defined above, to form a mandibular 
trough offset curve MO(l} of Fig. 4B. The radii of the MTS referred to are those of the MTE defused in 
the circle aegment form of the equation goierated in rtep (300) with the spline to circle conversion routine 

10 (2100). Smoe the OFPSETs of the teeth differ, the MO may be viewed as a diGoontinuous equatioo when 

constructed in this manner* made up of segments, each cootatning the tip of ooe tooth and spaced labial- 
Imgually from the hTTB by the amount of the individuaJ tooth's OFFSET, 

Beginning with the left side, the central is placed, as illustrated in Fig. 7B, by placing its mesial 
contact point MCP ai the intersection of the midline ML with tbe offset curve MO for the tooth. This has 

15 the effect of tbe placing MTPP of tbe tooth, which is the intersection of Che CLA with the MCBP or AfT. 

on the MTV aad the incisal tip /C of tbe tooth oa MOg. The tooth placement on the circle segment form of 
an equation is explained in detail in the description of the tooth placement routine (2200) below. In the 
plaeementofthecestral, A circle C| is oonstructed with a radius equal to the mesiodista] width MDWjOf^ 
central tooth and with the center of the eircle C, at the mesiaJ contaa point MCP of the tooth at intersection 

20 ofthe midline ML with the offset cufveift?,. Theo, eirde QiscoasKruciBdwitfaamdiusequaltoiiDIF/2 

and with its center coincident with the center of circle Cj. Then, the intersections of trough offset curve MO 
with the eitdes C| and C, are found, la intersection with the cirde C| being the distal contact poim OC^ 
the tooth and its intersection with the C, being tbe tooth mid^int IMP of the central tooth. The tooth 
midpoint TMP Is here defmed as the midpoint of the mesiodistal width of the tooth placed on an archform. 

25 which is tbe intersection of tbe archform with a verticdlabUMiag^ plane that contains the This mid- 

point TMP of the central tooth on the MO is the approximate position of the incisal tip /C. 

Detertaiaing tbe intersections of the cirdea with the offset trough curve MO, or expanded mandibular 
trough, requires tdeatifieattonofwhieh eircle sector Iine8(ng. 5) the drdesQ and intersect. Theaeare 
identified by ooB^ariaon of the X coordinates of the mtersectioas with the X coordinates of the distal oootact 

30 pointt DCP of each of the ceatral teeth to determine which segmeau of the trough equatioa will be used, as 

explained more fUlly bi the descrqitioa of the tooth placement ronUne (2200) bdow. 

FtnaDy, a distal eoattct point line DCPL la coosoocted for tbe eeatral tooth through the DCP, at the 
intersection of eirde C, with the MO* sad through the center of the identified eirde segment of the MOf the 
expanded M7S, on which the DCP of the tooth liea. This line lies along a radius of tbe eirde segment of 

35 the 3fO curve through the distal contact point of the central tooth. Similar Ihies D73fP are consiiucted for 

the center of the tooth TMP. 

(845) For each of the remaining oumdroular teeth oa tbe same side of the arch, ia distal sequeace, 
a new mandibular trough ofbet MOg is calculated, by expanding the MTB with radii of curvature increased 
by the amount of the next tooth's OFFSET and with center of the circles C, aad C, moved lahially or 

40 outwardly from the MTE along the prior tooth's distal contact point line DCPL by the amount of the curreat 

this tooth's OFFSET, This Is the MCP for the next tooth. Circle C, for the tooth ia constructed with a 
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radiu* equal tt> the mcaioduul w-idih of die tooth and with iu center al their center point MCP. Circle C, 
is consttucted with a radio* equal to AWW/l and with centen coincident with circle* CI. 

For bicuipidi and molar*, the tooth midpoinU TMP can be cotuidcrod ai their pointa Then, a« 
with the ceatnl. the interMctiona of MO and etrdes Cj and C, are calculated for these teeth. Tbe distal 
contact pointa DCT of these leeth aie at the intersections of MO for the tooth and the respective C^. The 
centers of the teeth TMP ate at the interBectiona of MO for the tooth and the rcspecUve circles The MO 
sector segmcnu which the cifdea intersort arc idenUfied. Selection of the aegmenU u made by comparing 
Che X and y coordinatea of mteraoctions to JT and y coordinates of diAal contact pointt DCPr. Finally , a 
distal contact point line DCPL a constructed from selected segment center to the plane DCP. The same is 
done for the centers of the teeth TMP. 

(S4S) The substept (842) ore repeated for all of the remaining oundibuiar teeth on the same side of 
the arch. Then, (M9) substeps (S40HM») «« repeated for the teeth on the opposite side of arch. 

The above step (800) leaves the crown long axes CLA of themandibularteeth intersecting the ^CffP 
reference plane, which is oi the level of the mandibular trough MTat or just below the gingival center pointe 
GCP of the teeth, along the mandibular trough equation MTB. Thn discontmuoua offset equation MO, 
however, coninina the approximate tipi of the teeth ia the occlusal plan© MOC, with the teeth irregularly 
offset as represented by the discontinuous MO lines in Fig. 4B. To plaee the tips of the teeth into an ideal 
arch. (900) a fmal equation for better placemeol of the buccal cusp tips and incisal edges of the mandftjular 
teeth in a continuous arch U developed. TTie devdopmem of the best fit equation U illustrated in the detailed 
flowcbait of Elg. 2M. 

When viewed perpeadkiilarly to the ocduaal plane as in Figs. 4Band7B.itcanbeseeathattbe 
buccal cusp tips and incisal tips of all of the tadividual teeth do not lie along mther the mandibular trough 
equation or the same geometrical expansion of that equation. In fact, due to smaU anatomical variations, it 
is udikdyUiat the tips wiUfaU on any smooth curve when the tooth CLO intersect a «^ 
mandibular trough in the ATCHP and die Ij4Ib arc preserved. To remedy thU, the equation is statisticaUy 
developed that best fUa the euqi ttpa and meisal edges of the individual teedi; a Best F« Buccal Cusp 
Equation BPBCB. In the formulation of the equation, the coordinates of the right and left toodi mit^ints 
TMP, the ICPs or /Cr in Fig. 78, are preferably averaged. The equatioa BFBCS may be obtained (9 10) 
by use of polynomial or other beiier or least square stattstkal techniques to arrive at a bett fit equation. 
Tliese are available in any of a number of off*tbe-abeIf aoftware packages. 

Such a BFBCS equation is plotted in Fig. 4B. Onee the BFBCS is determined, it may be (915) 
coaveited to a circle segment equation in a manner such as wiUi the spline to circle conversion routine 
(2100). ThU equation provides & basis for moving the teeth labially or lingually from the discontinuous offset 
eqoaUon MO to place the tips of the mandibular teeth in a smooth areh in the occlusal plane CP, as illustrated 
in Fig. 70. To do thU. in the ne« step the profile planes wUl be translated bodily in their own horizontal 
X-directions (which U an X'Y movement in the coordinates of the horizontal planes), moving their MTPPs 
off of the AfTE in the MCBP (or ilT). 
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aOOO> %4anAihidnr Bt tt PU Arth Plaeemgnt SU9: 

After ticatUtically denviag abctt fti equatioo BFBCB, (1000) posifiioiuof the individuA] ouadibular 
tecch ire calculated to tnnsUte then faciall> , cither labtally or Imguaiij^ to that their tipa Call on the beet fit 
ctirve. This cup U tlluttreied ia detail in the flowcban of Fig* 2N. 
5 To achieve this, (1005) the mesiodistal contact point of the mandibular central » the point AfCP, as 

in Fig. 7B« IS first placed on the intersection of the midlino ilL with the BFBCS tn the same manner as it 
was placed on the MO in step (800). Then (1010) circles Ci and C2, as defmcd above, for the tooth are 
constructed and their intersections with the BPBCB curve are found. As with the ptaccmcat in step (800) 
above, the intenectkm of C; with BFBCS is the distal cootaa point DCP of the tooth, and the intersection 

10 of C, with the BPBCB curve, is the center point TMP (which aligns with /C> of the tooth. This, in effect, 

moves the tooth normal to the circle segment of the BPBCB sstoristrri w^ the 7HP. Then, (1015) new 
circles C, and C, are constructed with centers at the distal center poinu DCP and (1020) sabaepB (lOOS) and 
(10 15) are repeated for all teeth on the some side of the mandibular arch. Then, (1025) steps (1005) through 
(1020) are repeated for the teeth on the other side of the mandibular arch. The placement uses the tooth 

15 placement routine (2200), the description of which below explains in deuil the plaeemcat of the mandibular 

teeth on the BPBCB, 

This step bodily translates the teeth 'm a geoeratly horizontal direction, and rotates the teeth of the 
mandible about their CLAs to place tncisal edges and cusp tips, as determined in step (800), on the BFBCS, 
With the eofflpletion of this step the finished positions of the mandibular teeth are calculated and the 

20 mandibular occlusion is finalized. At this point the raandSmlar occlusion can be envisioned as an ideal setup 

cast in stone, to which the maxillary occlusion will be fitted and retaied. 

The fmisb positions of the maiMtibular teeth are illustrated in Fig. 7C in which the X-Y coordinates 
sre those of the horizontal arch planes. A vertical Z coordinate, perpendicular to the horizontal X^S plane, 
is aligned with the y axea of the individual tooth profile planes. The Jf eoordinates of the profDe planes are 

25 aligned with the labial-lingual directions LthU in Fig. 7B. 

(1100) Mttfltorv Toom FLuement Sum 

The construction of occlusion requires (1 100) the fitting of the maxillafy teeth to the already 
positioned '««t"*iKniM > teeth. This is accomplished by derivhig a modified bea flt buccal cusp equation 
BiVCff for the maxillary teeth in the step iUustrsted in detail in the flowchart of Fig. 20. UnlilCDwiththe 

30 mandtbular teeth, with the maxillaiy teeth, dw cusp tips of the posterior teeth and incisal edges of the anterior 

teeth are not set in a single arch. The maxillary teeth arc rather set: (1) with the central groove-marginal 
ridge poinU of the maxillaiy bicuspids and molars on the BFBCS, (I) with the moxlUary aateriors spaced 
labtally off of the BFBCS to allow for indsal overlap and a clearance between the lingual surfaces theteof 
and the labial surfaces of the mandibnlar teeth, and (3) with the cuspid tips ia the arch generally between the 

35 first maxillary bicu^id and the lateral incisor. The arches on which the maxillary teeth are placed as 

illusitaced in Fig. 4C, as explained above. 

For the maxiUary incisors, the modification of th^ BPBCB first involves an avenging the distances 
from poim P^ to point on the mandibular incisor incisal edge, and dividing by two, to locate the arch that 
will contain the labial surface of the tooth adjacent the incisal center point ICP of the tooth, which is 

40 generally the point Pj, This produces a uniform distance from the best fit equation to the eontoa point of 

the facial surface on the labial side of the mandibular anterior teeth with the facial point on the lingual side 



. 48 - 



of the maxillary aaierior teeth. Ao •ddiiionaJ difiaace, of lypicaUy ono^uana miUtmeter, is added to ibc 
averaged dittance to provide a ilight CUarane9 between the upper and lower anteriof teeth. Thu U 
Uluscrated in (tg. 7D. 

The maxillary anterior dentition if aei for vertical posHioo relative to the ocdutal plane MOC 
according to occlusion criteria selected to provide a predetermined overiap. From the cuipid rise calculatioa 
of ttep (700), the vertical positions of the maxiUaiy cuipida are kaown relative to the mandibular occlusal 
plane MOC. For maxillary laterals and ceatrala, die vertical positions provide the overtops according to the 
prescribed criteria, putting their lingual facial contact poinu with their mandibular counterparts on the MOC 
plane. All leech ore inclined at the prescribed crown long axis OA indinatioa values lAi from Table 1 in 
step (600). 

In the (1 100) placement of the teeth of the maxilla, or upper jaw 24, with respect to those of the 
mandibular, or lower jaw 22, (1 105) three arch forms are mathematically defined. These are (1 106) the 
maxillaiy anterior arch form MAAP, (1110) the ccnmd groove marginal ridge arch form CGMRAF, and 
(1115) the maxiUary cuipid arch form MCiF. as Ulustrated in Fig. 4B. Urn MAil^U established to posiUon 
the maxillaiy incisors whh respect to die BFBCB to that their lingual faces contact or clear the labial faces 
of the mandibular incisors. The CGMRAP is esublished separate Horn the MAAF because the maxillary 
bieuspidi and molars contact their mandibular counterpaits with their central groove marginal ridge 
mtersectioo points juxtaposed on the saandibular buccal cusps. The MCAP is established separate from the 
MAAF and the CGMR/iFbecause the cuspids have a bUQ differem relation to their mandibular coonterpaiu. 

(1 106) Location of the MAAP relative to the BPBCB requires a circle segment ndius e^onsioa of 
the BPBCB eqoaiion such that the lingual surfaces of the maxUlary incisors, after being adju^ vertically 
to provide a predetermined overlap, wiU contact the labial bee of the msndihnlar ineisort ttpointt ipaced 
labially from the BPBCB with the predetermined CUaranct, Ibis expansion is caicalated as the average 
distance between poinU F, and F, on the four maxiUary iactaon and adding the predeccnnined Qmwu9 of 
typically 0.25 mm. This expansion, so calculated, is added to the BPBCB circle segment radii to defme the 
maxillary anterior contact arch form MAAP. The MAAP is thus also expressed as a circle segment equation. 

The calculation of the amount of circle segment radius expaneioo of the BPBCB needed to defme 
the MAilFis made St the midpoint ofthemesiodistal width of either inaxillaiyoent^ 7MP,inFig. 4C. 
This would be the intersection with BPBCB of drdo C, in Fig. 7C The tooth is placed on the maxillaiy 
contact oich form equation MAAP such that the mesial contact point of the tooth ta on interseAion of the 
midline ML and the maxillaiy conmct arch form MiAF (Fig. 4C). (1108) The MAAF Udefhied as follows 
with respect to upper Istcnls and centrals: 

■ mPyt * f TT 

MAAP = BPBCB + I^IO {A¥g} + CUanmc* 
where: 

I s number of teeth (4), 

A¥g • 2 (to find midpoint), and 

amuMCt a 0.25mm, typicaUy. 

i»,and are poinu oa the maxillary central as defined in step (600). As described above, the crown 
long axes CLA of these teeth are angulated relative to the occlusal plane at the crown long axis seed values 
stated in Table 1. 
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(1109) The cooth pUecDcat proceeds ta accordaace with che tooth placcmeat routine (2200) described 
below. The pl«cemeot poiitioas the lingual faces of the ceotr&l teeth on the HAAP, with the central mesial 
cootact point MCPf on ML. The midpoint TMP^ of the meeiodifital width of the oext maxiltaiy tooth is then 
placed on the maxillary contact arch equation MAAF such that the mesial contact point MCPj (ouches & line 
normal to the curve AMi4Fand through the distal coittact poim DCP^ of the prevtoua tooth. This procedure 
applies on one side of the occlusion up to the cuspid. The other maxillary tide is constructed similarly. 

The ocxL tubftep in the oonstructioa of the maxillafy occlusion is ( 1 1 10) the defmition of the location 
of the arch for horizontal placcmeat of the posterior teeth. The teeth are again set at the LAI valuca of Table 
1 from seep (600). (1111) The intenecdoas of the margiaal ridge and the central groove, which, if not 
separately selected m step (600) may be taken as point P, in Fig. are placed over the buccal cusp of the 
appropriate mandibular tooth whose ensps were previously posittooed on the best fa buccal cusp equation 
BPBCE. Thus. Che CGMRAF coincides with the BCBPB as shown in Fig. 4B. 

For the maxillaiy cuspids, (U 15) the cusp tips are placed on some smooch arch between the he 
M4i4F and the CGMRAF. Preferably, their tips are placed oa the BFBCB expanded by the average of Che 
distances therefrom to the inciaal t^ of the lateral and to the buccal cuq» tips of the first maxillaiy bicu^ids. 
This labial distance from this point to the buccal cusp dp of the first bicuspid may altenativdy be used to 
place the distal contact point of the cuspid, with its mesial contact point in contact with the distal coatact 
point of the lateral. The point to which the BFBCB must be expanded to locate the buccal cusp tip of the 
first bicuspid for the two above alternatives is P^^*^ * Psk(^>^' cuspids will tbcreby be spsced out 
from the BFBCB by the avenge of a '^iK^fl^ equal to the horizontal or X distance from Pj to i^^oo the lirst 
maxillary molar, as illustrated in Fig. 6C, and the MAAF, 

Alternatively, the cuspids may be placed with their mesial contact points MCPj oa the MAAFuti6. 
with their distal contact points DCP in line with the mesial eoataa points or with the buccal cusp tips of the 
first maxillary bicuspids. 

A third alternative in plaeiag the cuspids Is to use the same criteria for clearance with the maad&ular 
teeth used for the definition of the MAAF. Following the determination of the MCAF, the etispids placed 
adjaceat the laterals with the t^ thereof on Che MiCAF, followed by the successive placement of the posterior 
teeth with the marginal ridges thereof on the CGMRAF {BFBCB), all according to routine (2200). 

In relating the profile and orchform drawbga aad equations aix>ve, it should be noted that the X 
dimension of the profiles on which P, and F^are defined are vertical planes, aad that the Jf direction in these 
planes corresponda to the l^ial direction ia the horizoatal planes of the arcfaforma, as was fl x platned for the 
mandibular teeth ia connection with Fig. 7C. Thus, addition of an Xcomponent of a point on a tooth profile 
to an archform curve resulu in a labial expansioa of the archform, or an increase in the radius of the 
corresponding eirele segment of the archform circle series equation. 

At this point* information from the prescription 27 from the orthodontist 14 is retrieved to determine 
(1 120) which maxillary anterior vertical ocdurion method has been selected. The methods may iaclude, for 
example, (1 121) Roth ocdusion, (1 122) Ricketts occlusion, or (1 123) the preferred method, referred to by 
the inventors as Ban occlusion. Tbeae are discussed bdow. 

Where (1 121) Roth occlusion has been seteeted. the maxillory cuspids will extead a distance CJt„ 
equal to the cuspid rise CB below the occlusal plane MOC, and for laterals and centrals, the teeth will extend 
a distance CR„ equal to 0.5 the cuspid rise beyond the occlusal plane, as illustrated in Fig. 7D. From step 
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(725), the tTcatmeat u •elected to apply either group functioo or cuspid rise function, aad the respeoivc 
cu5pid rise quanutieo for muullary cuspid« are detertDtned. From the lowest point on buccal (facial) cusp, 
a dutaace is measure vertically upward equal to 0.5 Ci? to fmd the intenection of occlusal plane MOC and 
ccatral aad latoal If two profiles were taken, the pronic that includes marginal ridges is used. The 

5 tntersectioos of MOC with each maxillary incisor are defmed as follows: 

Facial intersection with MOC « PTMOC, 

Ungual intenection with MOC » LlMOCt 

The distance from UMOC to FIMOC, DLF, U computed as foUowr 
DLF - Xfogoc - ^umx^ 
10 where UMOC is the contact point with MAAP, 

Where (1 122) Rickects occlusion is prescr3>ed, the maxillary cuspids also extend below the MOC 
by a distance CRo» ^ >^ ™^ laterals are positioned such that the tips arc the distance 

CRfn ot I -Omm above the cuspid tips, and the distance CRpj is such that the tips of the centrals are 0.5mm 
above the cuspid tips. From step (725)* in which either group function or cuspid rise function were selected, 
IS the respective cuspid rise qoantitieB are applied for the majtillary cuspids. Then» from lowest point on buccal 

(facial) cusp, a distance of 1.0 mm is measured upward on the laterals and a distance of 0.4 mm is measured 
upward on centrals to fmd the intersection of MOC with the central and lateral teeth. If two profiles were 
takctti a profile that indudes the marginal ridges is used. A line is then constructed through the points on 
the buccal cusps parallel to the MOC, The intersections with the teeth aro defmed as follows: 
20 Facial intersection with MOC « PIMOC 

Ungual intenection with MOC • UMOC 
Diaanec DLF (torn UMOC to FJMOC ^ X^K'^tani* 
where UMOC is contact point with MAAF. 

Where (1 123) Ban ocdusion has been selected, the maxillaiy cu^>ids will extend a distance CRn 
25 equal to 0.67 of the cuspid rise CR below the occlusal plane MOC^ laterals enead a distance Cff„ equal to 

0.33 of the cuspid rise CM below the plane MOC, aad the centrals extead a distance CRq equal to 0.50 of 
the cuspid rise CR below the plaae MOC, As with the sbove, from step (725), ia which either group 
ftmctioa or cuspid rise f\uiction were selected, the respective cuspid rise quantities are applied for the 
maxillary cuspids. Then, &om the lowest point on buccal (iiicial) eusp» a distance of 0.33 of the cuspid rise 
30 CR\a measored upward o& the laterals, aad adistaaee of 0.50 of the cuspid rise CR is measured upward on 

the centrals, and the intenection of the teeth with the plane MOC is found. If two profiles were taken, & 
profile that indudes marginal ridges is used. The MOC plane and the intersections with the teeth are defmed 
as follows, as illustrated on the cuspid ia Fif . TD: 
Facial iatersecUon with MOC a FIMOC 
35 Ungual intersection with MOC » UMOC. 

Distance DLF from UMOC to FIMOC « Xfotod'Xumx^ 
UMOC is contact point with MAAF, 

The (1 125) dected horizontal ocdusi<m U sdected. If (1 12d) the Roth maxillary anterior horizontal 
ocdusion has bera sdected, no further changes are required. Thu resulu in the Trngual surfaces of the teeth 
40 fomiag a smooth arc. If (1 127) the Ricketu maxillary anterior horizontal occlusion has been sdected. 

changes are made to cause the labial surfaces of the teeth to form a smooth arc. This requires fmding the 
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largcA DLP, or UMOC'FIMOC dtMiancc for the ceatrali, subtracting Che other UMOC-FIMOC disiADces 
of the incbon from this Urgettdtsunce, adding the respective differeocc* to each tooth to exte&d the UMOC 
point lingually along line UMOC-PIkfOC^ and eitablUhing a new point at which the UMOC is to intersea 
the Mac. 

5 If (ll2a)the£Unborizootai occlusion ti selected, which ii the preferred and illustrated etnbodiment, 

the horizootal tooth placement proceeds as set forth bdow. Because, given the overlap of the maxillary 
tsctfiorv, the labial-lingual thicknesses of the anterior teeth are greater in the plane of occlusion than the 
dioance P^F, used to calculate \hcMAAPtnd the MCAF, offsets must be calculated and the majullaiy teeth 
placed again oo the offset versions of these archfonns. 

10 First, in calculating the positions of the teeth to provide the horizontal ocduston, (1 130) a distance 

is calculated from UMOC to /CP for the maxillary eentrals and the laterals. This distance is referred to as 
the maxiltaiy anterior offset MAO, thus: 

2 2 



MAO = UMOC^ - /CP^ 
(1135) Hie maxiUaiy first bicuspid ofTset MBO b calculated; 

15 MBO ^ Pa'^s^ 

<1 140) Hie maxillary tooth positions are then recalculated, one side at a time, with respea to the 
offset maxUlaiy arch forms defmcd above that contain the buccal cuqi tips and incisal edges of the maxillary 
teeth. This is achieved by sending the relevant parameters to the placement lovtine (2200) and calculating 
placement in the ssme manner as shown in Fig. 7B for the mandibular teeth. For the maxillary centrals, 

20 ( I ui) MAAP is adjusted such that the M4AF radii are increased by the amount of the i£AO. This curve 

is now called maxOlaiy contact archform offset MAAFO and is illustrsted in f%. 40. 

Calculation of the positionfi of the maxillary iocisors <m the MAAFO t preferably in accordance with 
the tooth placement routine (2200), closes the spaces between the teeth that results from expanding MAAF 
xo MAAFO. 

25 The intersection of MAAFO and the areh midline ML is the mesial contact pobt A#CPof the tooth. 

A circle C, is constructed with a ndius equal to the mesiodistal width AIDWof the central incisor. lu center 
is at the intersection point of M4iiF9 and A£L. The tntcrsertion of the drde Cy with MAAFO is the distal 
contact point DCP. Then, eircle C^ Is constructed with a radios equal to MDW^, that is half themesiodifltal 
width JMDIf. Its center is coincidental with that of C,. The intersection of the ctrdc C^ with the K4FPD 

30 carve is the mid-point of tooth 7MP and the incisal center point /CP. 

The intersection of MAAFO and cirdes C, and are then constructed. Tbe curve defmed by 
MAAFO end the iotenection of circle C| is the distal contact point X>CP. The intersections of MAAFO and 
MAAFO eircle segment lines are found. The X coordinates of the intersections are compared to the X 
coordinates of DCP to determine which segment's center wiU be used. 

35 A distal contact point line DCPL is constructed from the selected segment center lo the DCP. 

Similarly a center of tooth tine TMPL is constructed from the sector center to the TMP, Thus, the tooth 
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UMOC \» on MAAPaaA the tooth tiMiodlaMXwMkUno 'tM on The tocatioo of iWaC 

b accordingly drtennioed by •dding DPL to the MAPPO circle segmeat radius throngb the TMP. 

Tbt MAAPO, lito the MO for the mandibular teeth, is discontinuous, with the arcbform being offset 
differently for the diffcnat maxiUtry teeth. Accoidingly . for the maiiiUaiy laleraU. the prior MAAPO is 
rcflaoed with the M<UF adjuited luch that the AfAAF radii m ibcrcMed by amount of MAO for lateral. 
The tooth's MCP is the tooth's MAO diAance from the MAAP along the prior tooth's distal coatati point 
line DCPL, Circle C, ia constructed with a radiuathe mesiodistai width of the tooth and with a center at the 
tooth's MCP. The interKciion of with the MAAPO ia the tooth's DCP, Circle C, is constructed with 
a radiua equal to half of the tooth's MDW and with a center coincidem with that of circle C^. The 
inienectioD of ciide with MAAPO is the tooth's /CP. 

Ueo.theintcrsectionsof AlAilfOandtboAC4AWBectDrlineaarefound. TheXand ycoordinates 
of intersections are compared to the JT and y coordiaatea of DCPto determine which segment's center wUl 
be used. A distal contact point line BCP ta constructed from the seleOed segment center to the I>CP. 
Similariy a center of tooth line TMPL ia constructed firom the sector to the TMP. 

For the maxUlary cuspids, the prior MAAPO ia eliminated. A new arch form, the maxiUaiy cuspid 
•ich form MCAP, is computed to place the cuspid bccweea the lateral and the firrt bicuspid. In one preforcd 
approach, the MCAP is constructed offset from the BPBCB by the average of the OPPSBTt of the first 
bicuspid and the lateral, as calculated in substep (U35) above. Wth eaiceptton of a new arch radius, the 
cuspid is placed as above. 

For the maxiUary bieospida and molars. theawh fonn CGMRAF, whidi athoBPBCE, 

UoffaetbyMVO. CCJfltAF is adjusted by adding KBO for the respective teeth. The cu^id tips on the 
MCAP, which wa offset from the BPBCB to align with the buccal cuep lips of the firtt bicuspids in ( 1 11 5) 
above, are thua in line wid» the posterior buccal cop tips. From the cuspid HCP, circles C, and C, are 
constructed and DCPta are established. Thia aequeoee ia repeated for reaafaider of the teeth, completing 
the relation of the maxillary and mandibular ocduaioos. The finish positions of the maxillaiy teeth are 
iUustratad Fig. 40. 

At this point, the final positions of the maxillary teeth hswe been calculated, and thus, the fmish 
positions of all of the teet h. 

AttBilnnet Dnirm Proetdun (96) 
The ^Itanee design procedure indudea the steps of (1200) dete rmini ng the location of the 
inp p/tatniiw aichwire plane relative to the calculated finish positions of the mandibular tee«h, (1300) 
caleulfl^g the angle of each numdibular bradcet slot relative to the mounting surface of the respective tooth, 
(1400) determining the location of the maxfllary arcbwire plane relative to the calculated finish positions of 
the maxillary teeth, (1500) calculating the angle of each maxillary bracket slot relative to the mounting 
surface of the respective moth, (1600) calculating the shape of the mandibular archwire and the slot in-out 
dunension of each mandibular bracket. (1700) calculating the shape of the maxillary archwire and the slot 
ioKiutdifflcoaion of each maxiUary bracket, and (1800) calculating the contours ofbmcket placement jigs for 
each tooth. 

p^no\ u^^Jffnlw^ Arthwirt Plane Sun: 

The next step is ( 1200) to establish the position of the archwire plane for the mandibular teeth, which 
U Ulustrated in detail hi the flowchart of Fig, 2P. The archwire plane can be located in an infinite number 
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of vertical potitiou lince the bnckeu tod arcbwire wiU be designed to Trammodnrr uiy cfaosca loc4tioo. 
Since the overUp of the maxillary tw< h is known » for labial bmdccc placement, the mandibular archwire 
plane ii aet to provide bracket clearance for the majullaiy teeth in the fmished occlusion. For lingual bracket 
fdaoonem, this considention if grrco to cbe moxillajy arcbwire plane txutcad, in sep (1300) below. 

S Since the fflaullaiy teeth do not poaa a bracket ioterfereDce dilemma with labial bracket placement, 

the bracketa can be poaitioaed for ease of placement, cosmetic coniiderationa and gingival health. This 
applies to the mandibular bracket posHjoning where lingual bracket placement is used. Typically » these 
brackets are {ocated more centrally than the brackets of the other arch. 

More particularly, as illustrated in the flowchart of FTfl. 2P and Fig. 8, (1200) to establish the 

10 ar^wire plane, (1205) the selected vertical occlusion and respective vertical overlap from MOC for cuspids* 

Isterais and ceatrals is recalled from (U 10). Then, (1210) with die tnformalioa from (7Q5), the buccal cusp 
height BCS is recalled for each bicuspid and molar. Next, (1215) the maximum BCE or anterior vertica] 
overlap is chosen as the maximum vertical overlap MVO. Then, (1220) a distance equal to die MVO is 
measured downward from the A/OC. Finally, (1225) half of the bracket height (typically 3.0 mm) plus an 

15 additional 0.75 mm is added for oedusal clearance. This defmes the mandibular archwire plane MAWP. 

This pin rr* brackets as oedusal as possible with an 0.75 mm clearance from the wont case from the 
maxillary ocdusion. 

am) ^ffirffrylar ^pf Ind^n^n Sup: 

Once the archwire planet have been defmed with respect to the teeth, as illustrated b the flowchart 

20 of Hf. 2Q» (1300) the angle between the bracket mounting snrfisee of the teeth and archwire plane is 

determined. This angle minns 90* is the fadal torque or inclination angle to be formed into the brackets. 
This also deiinea the bracket slot placement height which is the ditfanoe from the top of the incisal edge to 
the archwire plane. This distance is cakulared perpcndicalar to the archwire plane. 

Slotless bf«cket bodies (vantlU brackatt) have now been positioned appropriately. A smooth 

25 archwire is then designed such that k will psss through the bodies of the brackets. The archwire must not 

cut too deeply into the bracket or pass even paitlaltyantside the fitee of the brackets. Brackets are chosen 
having different heighu according to need. Without modifying buccal tube assemblies, standard bracket 
distances from the tooth surface tn the center of the slot may be used as a seed values. The archwire 
equation ts then mathematicaUy derived from cubic spline and tangential circle techniques as previousty 

30 described and provided in the rootinea (2000) end (2100). Both arefawires are developed shnilarty. 

Bracket M gia determinstton (1300), more particularty , is achieved by ( 1305) takmg the intersectkm 
of the MA WP and labial (buccal) sur£we of each mandibular tooth in tfae.case of labial applianeea, and the 
intersecttoa of the MA WP with the Ihigual surface of each tooth m the case of lingual sppltances. Then, 
(13 10) chctes are constructed with centers at the intersections and with diaineters that represent the ocdus^ 

35 gingival (vertical) dimasioas of the bracket bonding pad (^ically 3.0mm). Then, (13 15)Xy coordinates 

of the cirde Intersections with labial (buccal) tooth surface are taken, and, with the equatioos: 

40 ( 1320) The slopes between the poiaU of mtenection are calculated to produce the facial inclination 

angle FTA, where: 
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m ooordiaaiM of circle center 

Xj, Ypbj s denudoo of fim line aegmeat 

X,Y^t a deTinidoo of fificood line legment 
Tbo, as UluAnied in Hs* for lobUl appliances, s/2 radians are thea nibtracted lo produce the sloe 
inctinatioo aag)e SIA: 
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SIA = PIA' m/2 

The next aep is (1400) locating the maxillary irchwire plane as illustrated in the flowchait of 
Fig. 2R and diagnin of Fig. 8. For the maxiltaiy centrals, this involves (1405) ftnding the vertical distance 
from incisal edgo to point P^. (1410) The smallest value u selected and divided by two to produce the slot 
placement height for the maxillaiy centrals. (14 15) For terminal maxillary bieuspidB the vertical distance 
from buccal cusp to point is found. (1420) Agam, the smallest value is selected and divided by two. 
This produces the slot pUccmest height SPB for the tenninal maxiUoiy bicuspids. 

For maxtUaiy centralis (1425) the / value of FIMOC is subtracted from the Y value for the slot 
placement height SPB, This is the distance from MOC to the slot ceaterline. For terminal neaxillaiy 
bicui^ids, (1430) the y value of MOC is subtracted from the K value for the slot placemen t height SPE, 
This is the diflonce from MOC to the slot ceaterline. Then. (1435) the SPB for the tenniDal bicuspid from 
SPB for the maxillaiy centrals. This is elevation change DB of the maxillary archwire relaiive to the MOC 
from the centrals to the terminal maxillaiy bicuqiids. (1440) The elevation of the maxillaiy archwire 
MXAWP ttom the MOC, or archwire height AST on ea^ tooth, ia calculated as follows: 

AST -^DB SPB'MOCf 
+ Vsrtfoof cveHapJrom QUO) 
where JT is the eoaversioa fheior fh>m Table 3. 





Tooth Type 


Nod- 

Extrectiao 


Extraction (e.g. 2ad 
Bicuspid) 


MaxtUaiy Ceatnl 


0.0 


0.0 


Maxfllaiy Lateral 


^.19 


•0.2Z 


MaxOlaiy Cuspid 


-0;42 


-0,62 


Maxillary First Bieuipid 


-0.68 


-1.00 


Maxillary Second Bicuspid 


-1.00 


NA 


Maxillary First Molar 


-1.32 


-1.46 



TABLE 3 

(1500) MaxOhuy Slo t tmellnadoa Subt 

Once the archwire plane is determined, as illustrated in the flowchart of Fig. 2S, (1500) the slot 
inclination angle SAl for each of the maxillaiy tooth brackets is determined in a manner similar to the dot 
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tnclt&ation dcccnniflAtioo itcp for the mattdtbulor brackeu (1300). This aep (1505) bcgiot by finding Ute 
tntervecuon of the nujullafy arebwire pl«ne BOCA WP with the labiftl or buccal lurface of each auxiliary 
tooth. Thea, (15 10) cirelea are described, for each mauUary tooth, having ceotcra at this intersection point 
and having diamden equal to theocduao-gingival , or vertical. dimeaBions of the bracket bonding pod, which 
3 is typically 4.0 mm. From these ciiclca, (1 5 15) Jt» y coordinates of the intersections of the circles with the 

labial or buccal tooth surface are found, as follows: 

r, - mjr, + A, 
r, = iitx, + A, 

10 Where: h,k * coordinates of the cirde center 

Yg « poasSsle ooordmatea on the circle 
Ypbt » definition of a ftra line segment 
X^Ypbj « definitioo of a second line segment 
Then, as tllusMted in Fig, 8 A, (1520) s/2 radians ore then subtracted to produce the slot inclination angle 
15 SIA: 

(1600) Mandihulnr ArdtwIrB and Slot Prffrt Stn: 

Tbe neact step, as iUustratted in the Odwchait of Fi^ TT, is (1600) to determine the mandibtilar 

archwire and brwket in^tit dlmcoiioa. First, (1605) the circle segment of the BFBCB with which the iCP 
20 oftherigbtcentraiisaswKiatedbdetemtned^asillustratedtnFlg. SB. Then, < 1610) the inctaal center point 

and ciide segment center point plane ICPCDCPP is created normal to the arch planet. An incssal center 

point line ICPL is stntck that will pass through the ICP and a particular cirde segment center point CSCP 

associated with the tooth. Then (1615) the ^rthagorean diManoe PD from CSCP to ICP to determined. 

Then, (1620) viewing the tooth hi the /CPCSCP^. as ilhistrsted in Fig. 8C, aline NI. is struck normal to 
25 the BfVCff plsnethioagh the /CP, which is the tntcrsecttoo of CLA and ^raCff. Neit, (1625) stiU viewing 

the tooth m this plane, the intersectaon point XP of and MAWP is detecmtned. 

StiU viewing the tooth in the /C7CSCPP, ( 1630) the X distance XD to the labial surtax 

from the XP is determined, and (1635) PD u added to XD and the lower limk of the bracka slot LU5. 

The LLBS is a distance aaaocifited with the particular bracket that will be placed on this tooth. It to the 
30 deepest slot allowable for that bracket. Then, the lower limit LL U caleu l strrt thus: 

ILmPD-^XD^ LLBS 

Similarly, (1640) PD is added to the XD and the upper limit of the bracket slot ULSS, The VLBS to also 

a distance ftSffftffiBtf^ with the particular bracket that wiU be placed on thto tooth. It to the shallowest slot 

allowable for that bracket. The, the upper limit VL to calculated thus: 
35 l/L - PD XZ> + VLBS 

t 

(1 645) Then, viewing the mandibular occlusion in a plan view and moving out along the ICPL from 
iu CSCP by the LL distance, X and F points, AWLL^f, are detennincd rdative to an origin at the 
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inteneedoo of BPBCB aod tfao maodibiUtf midlixie ML. Thea,( 1650) viewisg tbe mandaiular oeduaioo ia 
a pUa view and movmg out along tbo ICPL from ru CSCP by the VL dixtaace, XitdY pobu, AWULj^f 
aredetommed relaiiveto the istenectioo of BFBCE and tbe msadibular midline ML, Then, (1655) the mtd- 
pcim of AWLL^j and AWULg^r U found and tfeps (1605) through (1650) are then rcpeatfid for all 
mandibular teeth. 

Then, (1660) tbe average mid-point and diAaoce from right to left ia calculated to force mandibular 
archwiro ■ynunctryi 



PR,-PL, 



Br'UPr* J^— i 

Wbete: S^r ^ lymmelricalized point. 

MP is the mid*point of BCBCB, 
10 PB It a point oa the right lide of tbe midline. 

PL ia a point oa the left tide of the midline. 
Tbe tmoothest curve SC that will past betweeo all AWLLg^f and AWULg,f poinu is then determined, as 
illttstrtfed in Fig. 4E. Thb ia accomplished by tbe following procedure: 
a) Tbe mid-point of each AWLLg^j and AWVK^j pair it found. 
15 b) Then, as dcacrtbed ^ve, a cubic ^line equation it pasted through thete pomks. 

c) Tbe existence of any inflection pointt it determined. 

d) The curve with tbe least vaiiatioa to radiui changes along the curve it contidered tbe smoothest 
curve. Preferably, it hat no inflection potsu. If there are one or more inflectioa points, a logical altenuuive 
bracket solution will be derived bated upon where the inflectioa occurred. 

20 Then, (1665) the intersection point XSClCPh of the mandibular right oeatral' t JCPL it determined at well 

tbe tm~^h^ curve at defmed above in substep (1660). Next, (1670) tbe in-out 10 of that particular tooth 
is determined u the diAance along ICPL from ICP to XSCICPL minus that tooths' XD. Then. (1675) steps 
(1665) and (1670) are repeated tmtil all in-out dimensions are calculated. 

Fmally» (1675) all XCS7CPL points are patted into tbe cubic spline routine (2000) and to circle 

25 routine (2100) tad (1680) all circle segment mformation gathered therefrom are converted to linear distance 

moves needed to bend tbe appropriate wire, as will be further explained m connection with the wire 
bending step P200) below. Tbe bradcet slot cutting is described in connection with step (3000) below. 
a700) MaxOLuy Arthwirt and Stot DevOi Stn: 

Tbe next ttep, as illustrated in tbo flowchart of Itg. 2U» is (1700) to determine the maxillary 

30 archwire and bradcet in-out dimension. As with the mandibular determination step (1600), (1705) tbe circle 

segment of the BFBCB with which the ICP of the right central is associated is determined. Tbe step is 
similar to that for tbe mandibular ilot in-out dimension calculation of Figs. 4S and 8C« except that the 
maxillary centrals and l^erals are associated with the MAAP rather than tbe BFBCB ^ tbe maxillary cusptdi 
are asM>ciated with MCAP, and teeth posterior to tbe cuspid are associated wifli the BPBCB. 
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Tbe calcttlatioa prooeedi with (17 10) the inctsal center pouii aod circle segment center point plane 
iCPCDCPP being creaied, with a tine being strudc char will paas (hrough the incisal center point line ICPL 
which will pan through the /CP and a particular circle aegment center point C5CP asaoclated with the tooth. 
The plane paaaing through the iCP and the CSCP and normal to the, maadtbular trough MT ia the 
5 ICPCSCPP. Then (1715) the F^rthagorean diaance PD from CSCP to ICP U deMnined. Then, (1720) 

viewing the tooth in the ICPCSCPP, a line NL is struck normal to the BPBCB through the intersection of 
CLA and BFBCS. Next, (1725) ttill viewing the tooth in this plane, the intenectton point JCP of and 
MAWP is determined. 

StUl viewing the tooth in the ICPCSCPP, (1730) the JIT distance JCD to the labia] surfaoe of the tooth 
10 from the XP is determined, and (1735) FD ia added to XZ> and the lower limit of the bracket slot LLBS, 

The LLBS is a distance agsociatod with the particular bracket that wUl be placed on this tooth. It is the 
deepest slot allowable for that bracket. Then, the lower limit LL is calculated thus: 

LL^PD-^ XD^ LLBS 
Similarly, (1740) PD is added to the XD and the upper limit of the bracket slot VLBS. The ULSS is also 
15 a diGC&noe associated with the porticuiar bradcet that will be placed on this tooth. It is the sbaUowesi dot 

allowable for that brmckeL The, the upper limit UL is calculated thus: 
ULmPD -^XD-^ VLBS 
( 1745) Then, viewing the mandibular ocdusion in a plan view and moving out along the ICPL from 
its CSCP by the UL distance, X and Fpoints, A y^LL^j, are determined relative to the intersection of BPBCB 
20 and the mandibular midline ML. Then, (1750) viewing the mandibular occlusion in a plan view and moving 

out along the ICPL from iU CSCP by the I/L disunce, X and y points, ATFl^X^r ^ '^'tcrmined relative 
to the intersection of BPBCB and the mandibal&r midline ML. Then , (1755) The mid-point of AWLL^y ^ 
AWVLg^j is found and steps (1705) through (1750) are then repeated for all mandibular teeth. 

Then, (17^) the average mid-point and distance from right to left is calculated to force mandibular 
25 orcfawire symmetry: 



^^heret 

Sg^ * the symmetricalized point 

MP a the mid-point of BCBCS. 

PJt » a point on the right tide of the midline. 
30 PL s a point on the left side of the midline. 

Then the smoothest curve 5C that will pass between all AWH^jioid AWVLj^rP^^ determined. This 
is accomplished by the following procedure: 
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a) The m)d-po»( »cb AWLL^j and A WUKj^j pair is found. 

b) Then, at docribed above, a cubic ^lice equaiioa is passed through these points. 

c) The cJt ii rmrf of any inflection points is decenntned. 

d) If there are no inflection potnti, this is considered the tmoothcst cuive. If there is an inflection 
5 pojpt J A Ingieal ahemiive btmcket sohttioo wiU be derived based upon where the inflection occurtcd. 

The relevaat information neeessary to determine a new pair ^tAWLI^f and AWUL^ and their 
ffiidpoinu is undcitakea. It should be noted that there are varying LLBS and VLBS possibilities 
available for each tooth. 

Then, (1765) the tntersectioo point XSCICPL of the mandibular right central's ICPL is determined as well 
10 the smoothes curve u defmed above in substep (1760). Next, (1770) the in-out of that psrtiealar tooth U 

determined as the distance along JCPL from ICP to XSCICPL minus that tooths* XD, Then, (1775) steps 

(1765) and (1770) are repeated until all tn-out dimensions are calculsted. 

Finally. (1775) an XCS7CPL points are passed into the spline to circle program and (1780) all circle 

segment information gathered therelrom are converted to linear distance LD moves needed to bend the 
15 appropriate wire, as will be ^tlther explained in connection with the wire bending step (3200) below. The 

bracket slot cutting is described in the discussion of step (3000) bdow. 

(2800) Ptacment Jlr Desfn Suo: 

With the shapes of the individual teeth determined, thetr finish poiitions calculated, and the braekeCB 

designed and their places on the individual teeth dccermtaed, the information necessary for the design of 
20 brackxt placement jigs to aid the oitfaodontist in positioning the brackeu in thear proper positions on the 

individual teeth is available. la the pfcferred embodiment of the inventioo, the design of the placement jigs 

is carried out in the software associated with the jig manufacturing step (3500) described below, foUowing 

a loading of the appropriate files with the neeessaiy data fhnn the calculations deseribcd above mto the 

manufactDring cootroi computer 30c. An sbbreviated presentation of the jig design substeps is set foith in 
25 Che flowchart of Fit* 2V. 

Referring to Fig. 3V, ( 1 805) a file containing data of the individual tooth profdes, the arcfawireplane 

location including data relating each of the tooA profilea to the relevant arehwlre plane, the bracket profiles 

relevant to e^ tooth, and the bracket dedgn daU including the slot size, i ncli n ati o n and depth, are prepared. 

Then, (1810) the tools thst will form the jig are determined, and (1815) d f aran c ra are established. Then, 
30 (ig20)dauneededfor instructions to cm an iDtcrikdprofUebto each jig is assembled to hold abracket and 

to locate the bncket at the proper position on the tooth by precise fitting of the jtg over the tooth profile 

along a labial-tingoal plane through the tooth midpoint 

The details of the jig deagn step, as it is performed along with the jig manufacturing step, is 

described in detail in connectwn with the description of the flowchart of Fif . 2Z under step (3500) bdow. 

35 S¥^^nm^ 

Three subroutines are used in calculating various archforms and calculating the positions of the teeth 
thereon. These are (2000) the cubic spline equation curve calculation subroutine, (2100) the ^)liae equation 
to cirde segment equation conversion subroutine, and (2200) the tooth placement subroutine. These are 
illustrated in the flowchart of Fig. 2W. 



wo 94/10935 



PCT/US93/10858 



- 59- 

(2000) Cubit Spline E mtf?! Fttllf Subrcuaat: 

In the cubic tpl'ine ixuopolaiioa, symiDeuical daia poicu are tflterpotated and a cubic spline eqnadoo 
is derived. Ai tUoArsted m Ftg. 5A, a symmetrtcal mandibular trougb or cubic spline equation SAfT is 
shown for one side of the lower jaw. In Fig. 5 A, t2>e point M^Mf repreaema the intanection of the curve 
5 and the midline ML. The poinU SIx,SJt tot I ^ 1 to 6 represent the symmetrictzed poinU referred to 

above. 

The cubic spline method uses a cubic (3rd degree) polynomial to interpolate between each pair of 
data points. A different polynomial is used for each interval, and each one is coactrained to peas through 
the origiDal data pomli with the same slope as the data. At these points, slopes are computed by finding 
10 the slope of the parabola that passes through each dau point and its two nearest neighbors. 

The iteratloas oecetsary to compute the cubic polynomial are as follows: 
1} For each data point, the X and X coordinates are made equal to zero and all other data points 
evaluated rdative to this new original. 

2) The slopes of the cubic spline are computed by first oomputtDg the coefTictents of the above 
15 described parabola, then % first point of a slope array is filled followed by the remaining points through 

the final slope array point 

3) The spline eoefncients are computed. 

4) The polynomial is evaluated. 

These steps are described in Science and Engineering Programs . Apple n Editkm. Edited by John Heilbom, 
20 and published by Asbome/McGraw-HiU. Copyright, 1981, McGraw-Hill, Inc., and incorporated heretn 

by refcceooo* 

Once the polynontial has been evaluated, it is possible to acquire additional data points. A Y value . 
can be determined for any given Jt value, with the constraint that additional data poinu be within the upper 
and tower limiu of the original X values. The following iteratioas are performed before orde conversion : 
25 1) Determination of and ypointa on each side of the original data points. This is done by taUng 

X points that are one thouaaadth (.001) to each side of original X data points. Then X valoes two 
thousandths (.003) less than the last datapoint are taken. Then y points are determined for each arrayed 
X point by evaluation of the polynomial equation discussed above. Then the Y points of the array are 
calculated. 

30 2) Tike slope array is then filled with slopes corre^ondmg to dau points on either side of the 

original data pobts. 

3) The slope oftha carve at each ofthe original data points is calculated. This involves retrieving 
X and y points on eatber side of original data points, and calculating the slope at the original data points 
using the Point Slope method according to: 

35 Where: 

SLOPE " the slope of the curve at that point. 

Xi s the JIf point Ml to left of original data point. 

rz » the y point associated with XI, 
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X2 ^ the X point .001 to right of origifial daa point. 
y3 • the K point nnorinffirt with X2, 
Tbe dope ti calculated wring the amyed point that ia .002 less than the last data point and the las data poiai, 
and the dope ii calculated using the point dope method aa all arrqr dopca are calculated. 
5 (2100) Ciftie Sernum CoHfCfticn 5M»rpHrfw 

The circle ■egmest convenion typically fita two circle tegmenta into one apline aegmeat. A spline 
■egmeot ia defined aa tbe interpolated cubic qtlint equation whkfa deacribes the shape of tbe curve becweea 
two original data poinu. A circle aegmeot is defmed aa tbe arc Hsaorinrwl wtth « beginning point* or end 
point, and the dope of tangeacy at Chat point. Two configurationa of circle aegmeata are poaaible when 
to convctting a q>line legmeat into two cirde aegmeoU, one where the dm ctrde ia larger than the second 

(Hg* 5B) and the other where tbe firA cirde ia smaller than the aecond ctrdc Itg* 5C, tbe variables in which 
are identified bdow. The iteratioas oeccasary to convert n ipline segment into two cirde aegmeata are 
illustrated bi Fig. 5D in which: 

Fl^Plj B the beginning point of ^tine segiaeai 
\S P2x,P2j - end point of splhie segment 

MJl » tangeat dope of spline st point PlgtPlr 
MSI B normal dope of MTl 
MT2 - taogeat dope at poiat F2pP2, 
MM " normal slope of MN2 
20 P^M^^T * iateraecttoo of a line through point Ptg,P2r wttfa a dope of M77 and a Ime though point 

P2^P2f with a dope of MI7 
da a Cord Use. a line connecting points PljyPiraadFZvFSr 
CNL " a Cord Normal Line, a line normal to CL through P3^r 
hsjts - tbe ceater of tbe smaller of the two cirde segmcau 
23 Tbe iteratioas to coaven a spline segmcot into two circle segmeats are, aa follows: 

1) Determine M?/iaadMV3.Tbey are tbe negative mverse of MAaaadJ^ 

2) Dettrmine the faitertectum pouit PS^Sr^ 

3) Detcnaiae tbe dope of the CX. 

4) Determine the dope of CLN. 

30 5) Determiae tbe distaaee from PlpPir to i>3^F?y. This ia defued aa te« one. 

6) Detflcmiae tbe distance from F2pl>2, to Thia U defmed aa tctt two. 

7) TeA to dettrmine which length is smdler. If the tea one rtault is shoitCT tfaaa tbe test result, tbe 
amaller cirde Is associated with Plg,P2ft otherwise, the smaller cirde ia associated with P2j,P2r^ 

8) Reoame die variable associating to tbe sixe of the cirde. See Fig. 5B ia which: 
35 PIx»^r " ^ begianing point of spline segmeat 

P2^P2jm the cad point of splfaie segmcot 

MNS « the aormd dope of smdl drde segmeat. equivdeat to MNl or MN2 dcpeadiag oa the 

relative resulu of test one and test two 
MNL » oormel dope of large cirde aegment 
40 hs,ks - the center of tbe imaUer of tbe two cirde aegmeoU 

hi,kl ^ the ceater of the larger of the two cirde segmeatt 



wo 94/10935 



PCr/US93/108S8 



. 61 • 

P6g^6r s a diAanoe, defmed by the radius of the small circle, to a point aloog MNL from the 

Bptioe segmeoi point imorinfwl with it 
BiNF » is the ttope of the final line 

9) Determine the intenection of the line deacribed by slope of CNL and passing through P3g,PSj and 
5 the line described by MNS through the spVmc segmcai point associated with 'A. The btersectxon 

point of these two tines is the center of the smAller circle hs,ks. 

10) Detennioe the ^rthagoreaa distance from the small circle center hs,ks to the spline segment points 
associated with it. This distance is the radius of the smalt circle fi. 

1 1) Move along the line described by MNL and passing through the ^>line segment point associated with 
10 it by the radius of the smaller circle rr. This point is P6g,P6f. 

12) Strike a tine from P6^P6r to ht,ks* 

13) The negative invene of the slope of the line from PB^^Pij and hsM » 
U) Determine the midpoint of the line from PSj^PSj to Af,Ai. 

15) Determine the intersection of the line deacribed fay a slope of m^f and passing the point described 
15 in step 14 and the line described by MNL and through the spline segment point associated with it. 

The iatenecdon point of these two lines is the ceoter of the larger drde MpU. 

16) Dccetmine the ^thagorcan distance from the large circle center hs,ks to the spline segment points 
associated with it. This **^*«*^^ is the radius of the larger circle ff . 

17) Tlie Intersection of the two cirdes is defined as the intersection of the line going through the large 
20 circle center hl^H and the small circle center bs,kM and either of the circles. At this point the 

tangeocy of the two circles are equivttest. 

18) Accoimnodate an arc length calcutatira dependent upon which spline point is closer to PS^P3^ . 

If the lest one resnlt is greater than that of teat two, then: 

Vutid » Am(m)-ATN(hm 
25 Theta2 = ATNQdU) - ATNM 

otbefwise: 

7h$tal m Am(ms[> - Am^n) 

ntta2 - ATNM - Am(ma) 
where: 

hl-bB 



30 Thttal * the arc angle of the smaller circle 

Tftftti the arc angle of the larger circle. 
19) Calculate arc length for each segment, 
li « rr (J1t0tal) 
$2^H (Thetal) 

35 where: 

^ « arc length of smaller segment 
jj s> arc length of larger segment 
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20) ColcoUte the rumiing arc length. 

21) Coatiauc disuUy ttfitil all ipli&o legmeats sre cooverted. 

Figs. 5E-SJ Ulutfzite the buildisg of the raandtboUr trough dAt& poiou into circle ■egmeott. 
(2200) ^ff rt fffffPTf fl" Subroutine: 
5 The individual tooth placement upon an equation is required in many stcpi of the tooth finish position 

calculation procedure (94). The preferred method is described here tn cosnectioQ with the first occurrence 
in the procedure for the placement of the mandibular teeth. 

There are four altenative equations upon which teeth can be placed: the mandibular trough MT 
equation, the maxillary anterior arch form MiA^ equation, the maxillary cuspid arch form AfC4^ equation, 
10 and tbeccntral groove marginal ridge arch form MtrMRAi^ equation. All ocdusioo equations will have been 

converted to circle segments before teeth are placed upon them. A typical tooth placement is illustrated in 
fig. 5N. in whidi: 

DCP a DtBal Contact Point 
ICP - Incisal Ceoter Point 
15 MCP • Mesial Contact Point 

MCPL • is the Mesial Contaa Point Lme. 
The DCP is the point at which the tooth cottfacts the proceeding tooth. The ICP is the center of the tooth 
being placed. The MCP is the point at which the tooth contacta the preceding tooth. The AfCPL is deflned 
as the line through the DCP of the toodi being placed and the center of the circle segment associated with 
20 the DCP. The MCPL is the tine upon which the DCP of the proceeding tooth will be found. 

The iterations to place the teeth onto the ctrde segments are: 

1) Detennine the offset distance for the maadibuUr central tooth on the side of the jaw under, 
consideration. 

2) Expand aU circle segments about their centen by the offset amount. 

25 3) Determine the intcnection of the first circle aegmeat and the midline. Tliis is the mesial contact 

point MCP of the central, as illustrated b Fig. 5K. 

4) Place the flnt cirde C|, whose radios is the mesio-distal width of the tooth, at MCP, as illustrated 
inFlg. 5K. 

5) Determme which drde segment m the distal dixectioa circle Cf 'uttenoca and ideatiiy the 
30 tnieraeetion point. This is aeeompUshed by performing an itecotioa which begins by tnnsfctring the 

coordinate system to the beginning point of the circle segment, as iUustraied in Fig. 5L. in which: 
^aso'^asa * begimung coordinates of the ctrde segmcat 
^sNv^flo * ^ poinu of the circle segment 
Jtpvp «• eoordinaies of ctrde intcrsectloa 
35 X and F axes are oriented at Ymm». 

The two following drde equations are then solved stmultaneonsly: 

Where: 

40 h2,k2 » the center coordinates of the first cirde 

h2fk2 a the center coordinates of the second drde 
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Jti » the radius of the ftm cirde C, 
s the radiiu of a second circle Cg 
XpY ^ eoordinates of possible tucnection points 
The foUowisg solutions are possible: (1) two real solutions which ore labeled Xlgff,Y2o,y and 
5 X2tfff, Y2g,r> respectively . (2) imagittary solutions , which are discarded , whereupon the next circle 

■egmeflt is evaluated. If inxenections are real, the circle segmem is rotated, as illustrated in 
Fig. ZM, such that X^t^Y^ is placed on the X axis. Then, X„ Ygg^ ^ subtracted firom the 
rotated X intersection point Jt/^ or ^ rotated 

XtKo iubtractcd from the rotated X 
intersection point Xlj^ff or If the signs of the results of the two subtractions are opposite, the 

10 rotated tnterseetion pofast is tested for a value less than zero. If it is not less than zero, the other 

rotated intersection point is tested to determine if it is valid. Tbe testing continues until a segment 
is found BQcb that the sabtractioaB produce opposite sign results and tbe associated rotated Y 
intersection point la lest than zero. This Is the distal contact pobt DCP of the tooth* as Illustrated 
in Fig. 5N. 

15 6) Construct a line passing through the DCP and the center of the circle segment that intersects Cj. 

7) Place circle Cj, whose radius is one half tbe mesio-diital width MDW of the tooth* at the MCP, 

8) Determine which circle segment in tbe distal direction intersects circle and identiiy the 
intersection point. This Is the Ineisal center point /CP of the tooth* as illustrated hi Fig. 5N. 

9) Flimin**ff all expanded circle segments. 

20 10) Determine the offset distnnee for the mandibular lateral. 

1 1) Expand all circle segments about their centers by the offsrft amount. 

12) Determine the intcisection point of the expanded circle segment BCS associated with ih^DCPMCF 
lilts. The intersection point is the nieaial contact point JfCP of the lateral, as illustrated in Fig. 50. 

13) Place circle Cj, whb radios the mesio-^stal width MDff of the lateral* at the current MCF point. 
25 14) Determine which circle segment in tbe distal direction circle C, intersects and tdentify tbe 

intersection point, which is the DCP of the lateral. 

15) Construct a Une passfaig through the DCP and the center of the circle segment that Intersects Cj, 

16) Place circle whose radius is one half the mesb-distal width MDW of the tooth, at the MCP, 

17) Determine whieh eirde segment in the distal direction intersects circle C, and identify the 
30 intersection point. This is the ineisal center point /CP of the tooth* as iUustrated in Fig. 5P. 

18) Continue distally until aD teeth are placed. 

19) Perfbim the same iterations fbr tbe oo-lateral side of the arch. 

The appliance manufacturing proeedure (97) includes the steps of (3000) manufacture of the custom 
35 brackets, (3200) oumufacture of tbe custom archwires and (3500) manufacture of custom placement jigs for 

placement of the custom brackets on the patient's tecih. These steps are described in detail below for tbe 
embodiment bi which all of the manufacturing is carried out at the appliance design facili^ 13. 
aoOQ] BnuAti Manufacturinm SU9: 

The bracket manufiacturtng step (3000) produces the custom brackets, prefierably by sdeeting bracket 
40 blanks and cutting a torque slot in the bracket for the ascfawirc 64. This utilizes the modified CNC mill 40 

illustrated in Fig. 2D. The bracket slot cutting ttep is illustrated in tbe detailed flowchart of Fig. 2X. 
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Rcfcmng to Rg. 2X, the bracket mmnuftcturiog ttq) C3000) bcgini with the computer 30c P005) 
loading the for each bracket from the paliem data fUe 36. 

For tooth and bracket, af a default or initial idectioo. (3010) low profUe brackeU are oasttmed. 
Tbea, the atot angle FAl and the slot in-out dimcoi ion 10 are read. Alao. (3020) the radtua of the archwire 
5 at the tooth midpoint is detennined. 

Thea, (3025) a main CNC program ia created cod (3030) the program loops to generate the code for 
the cuomg of each bracket, beginning with the caleulatioo of the variables for the bracket, (3040) auigning 
the variable* for each bracket to (3045)-(30S0) set the cutting of the slot at the appropriate angle by rotating 
the bracket n^pon 73 and seaing the cutter 77c to a oooperatiag beightZ and bohsontal Xposition. If the 
10 position of the slot lie* outside of the area of the bracket, a bracket of the appropriate higher profile is caUed 

for by the program, and loaded, either automatically or by aD operator. The code ia then generated (3055) 
to control the path of the cutter in the y direction to cut the archwire radios in the slot bottom. (3060) then . 
the NC code it combined with the calculated variable values for the tooth and bracket and a subroutiae is 
generated for the bracket, with (3065) the P-eodea subroutinea written the file. (3068) The program loops 
15 until eodea for all of the brackeu are complete. 

Tlieo, (3070) the CNC code ia preferably downloaded to ao NC controller and the brackets are 
formed by the cutting of the dotB in the series of bracket blanks, and (3080) a repoit is writteo. 
r>3flfll ^r^wir^ MamifiurtiiHn^ Stem 

The archwire manufacturing step P200) prodocea the archwire 64, as iUustroted in Fig* 2£, 
20 preferably that is symmetrical about ita archwire midline AJMZ.. having the appropriate terminal leg span US, 

formed of a series of circle segments. 

As illustrated in the flowchart of fftg. 2Y, the archwire manufacturing step (3200) executes a 
program with the manufacturing oontiol computer 30e to geoertte a CNC eode to operate the wire for^ 
machine 40. The program begins by.p215) opening one or more fSee fkom the calculated patient dau 36 
25 and reads therefrom the wire alloy and the wire cros»-«tion prescribed, and an array of data that contains 

a series of 7 seu of dstt including the radius and sector lengtfi of each circle segment of which the archwire 
curve is formed, and the calculated total comulativo archwire length. To the archwire equation, (3220) a 
radii and sector lengths are added Co produce a oao half inch of straight segment at each cod of the wi^ 
form parallel terminal leg extensions. Then, calculating the cumulative slopes and sector lengths of the wire 

30 along the equation, (3225) Uie tominal leg ^lan TLS is calcuUted. 

Based upon the wire type selected, (3230) one of several data files or cabtea are read. Forrectangle 
wire, for otample, four fdes would include: (1) 0,022' thideness stainless aotX (SS), (1) 0.025' thickness 
SS,P) 0.022* thtcknesstitamttffl molybdenum aUoy(TMA), and (4) 0.025* ducksessTN4A. Other files are 
provided for round wires of various diameter* and types. 

35 Then, using the cubic qiline subroutine (2000), (3235) the slopes of (he cubic spline equsOon 

descr&ing wire behavior are calculated by: ( 1) computing the coefTicicnU of a parabola, (2) fiUing the fust 
point of a slope arr^, (3) fiUing the intermediate points of the slope amy, and (4) fdling the last point of 
the slope array. Then, (3240) die cubic spline coefficients are calculated. Then, (3245) the vertical 
displacement of the beading lever aim LA (Ilg. 2E) between the contaa poinU of the roller 70b with the 

40 wire 69 and the contact point of the rollers 68 with the wire 69 is determined for each circle segment of the 

archwire equation, and data added to the array. 
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Thesi, (3255) tcmporajy vsriables ore defined for the sector leogtb, lever arm duplaeesnent, radius 
and tenninal teg Gpon tcroM the onigtu legmenU of the arcbwire, (32£0) the confiroiler card 65 of the 
computer 30c U initialized, (3265) the coatroUer base addreca ia set. and P270) def&tilt parameters are set. 
Then, (3275) a sequential aeries of aeccor lengths and lever ann diiplaceaieau are sent respectively (1) 
5 through the circuits 66a and 67a to the drive of the feed rolls 68. oxxl (2) through the circuiu 66b and 67b 

to the anvil assembly 70. 

When alt circle segmeou have beta formed, (3280) the lever arm displacement is zeroed and (3285) 
the wire leg location is read by the sensor 71 . This reading convened to a numerical value in the computer 
30b and any difference in the actual measured terminal leg span and the deaired terminal leg span TIS is 
10 calculated. If (3290) the differeaee ta out of toteranee. a correction la made and another wire is formed. 

(3500) //gtfflffBfeffltfftirafr: 

The jig manufacturing step (3500) prodocet bradcet placement jigs custom designed for each tooth 
to aid in the placement of the cttstam designed bradcea in the proper positions on the teeth so that the custom 
designed arcbwire will, whea infitalled in the custom designed and custom placed brmckeci, move the teeth 

15 to their calculated fmtsh positions. 

The information necessary for the design of tfaecuitom placement jigs is contained in the patient data 
file of from the calculations made in the appliance dealgD procedure (96) and in the tooth profile data Hie of 
digitized information read in step (500), m the illustrated embodiment of the ioveation. The design of the 
custom jigs involves r primarily » an assembly of the information already generated » and, in the preferred 

20 embodiment, takes place b the course of generating the code for control of the NC controlled manufisctoring 

equipment 4 1 that produces the jigs. 

In the piufme d and illustrated cmbodimcBX* the Jig manufacturing equipment 4 1 is a staadani CNC 
mill equipped with a small carbide cadmill tool of, for eacample, 0.020 inches in diameter (Fig, IF). The 
jigs themselves 82 are made from circular ABS ptoatle wafers 83 of approximately one inch in HUm^i^ ^kd 

25 approximately 0.040 inches in thickiiess, though considerable variation in size is acceptable. 

The jig manufacturing step (3500), as illustrated in the detailed flowchart of Fig. 2Z, begins with 
the execution of a p r o gram or roudao in the manufiMtnring eomputcr 30b and the input of parameters 
ideatifyiiig the patient or cose. Upon begiuiing of the exe cut ion of the program, (3515) the file of patient 
data 36 generated in the tooth position calculation and analyais procedure (95) and the appliance destgo 

30 procedure (96) is opened and isformottoft is rend for each tooth, OS illustrated in the diagram o 91, in 

relation to atooth profQe PP. The variables read are (a) the intersection of the archwire plane and the labial 
(or Ifaigual, if prescribed) surface of the tooth IS, which is in the form of a pair of X^Kcoordinatea TS^j 
in the tooth profile vertical-tabial/lingoal plane, (b) the slot in-out dimension Elan or 10, (e) the type of 
bracket, which provides access to the appropriate plaoe in a lookup td>le of bracket dimensions, such as 

35 bracket base thidmess BRd and bracket pad height BPB, and (d) the torque slot width, 0.018 or 0.022 from 

the prescription. 

Tbca, (3520) the bracket data file is opened and the bracket base thidcnesa read, as illustrated in 
fig. 9J. Then, a fde name is assigned, (3530) a CNC f3c is created, aad P535) a CNC *main' program 
is written to it, as set forth, for exaaiple, in the flowchart of Ftg. 2Zp1. 
40 Then, (3540) a sequential file is identified that eontoina the beginning and ending objea number for 

each tooth profile, and (3545) a CAD program fde containing the tooth profiles PP, b loaded. The profiles 
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PJ?, &i illuAnted ia Fig. 3C. ore wide up of ft cerici of closely spaced poinu in the profile pUne. each 
represemed by Jt, Y eoordixutet, coooected by oraigbt line segmeau to defiae the profde curve PF. The 
endmUl tool diaffieter SndmiO a «bo entered^ which ama be ten than the arcbwtre diameter or arcfawire 
slot width (0.018 or 0.022). ConAaoU are declared, including ihe diamecer of the Jig blank 83, the cue 
clcaraoce oo the ouuide of the jig« the number of loops, mC at 23. and the counter initial settings. 

Then, (3560) the CNC P-code b gcaerated for each tooth, by looping through tubstq>8 (3560) 
through (3639) untU the code for each of the jigf 82 is goierated. The loop begins by (3560) incrementing 
the tooth and P-code counters by 1. The loop begins with the lower left bicuspid, as bradccts are usually 
not used on the molan, and proceeds left to right. Thus. (3565), when the incrementing of the counter 
advances the count to the lower right molar. (3565) the coooter is advanced to skip to the upper left bicuspid. 

Then. (3570) the panmcteri for the paiticular tooth are set up as illustrated in the flowchart detail 
of Fig* 2Z-2. This is followed by creating tbe profile and bracket dearanee oompensatkm tool paths ITP 
and BCTP, respecUvely , as illusMed in the flowchart detail of Fig. 2Z-3. This involves (3590) tbe creatwn 
of an initial inside tool path line /ITP made up of a series of might line sogmesu. one parallel to each of 
the line segments of the tooth profile curve, spaced a distance equal to the tool radius oo the inside of the 
profile curve, as illustrated in Fig. 9K. (3595) tbe creatioo of an initial bracket base eompeafiation tool path 
tine JBCTT made up of a series of straight line segments, one parallel to each of the line segmentt of the 
tooth profile curve, spaced a distance equal to the bracket base dimension minus the tool radius outside of 
the profile curve, as illustrated in Fig. 9L, and (3600) creatkm of the final bracket base compensation tool 
path C<Q to cut from the inside tool path line to the base compensation line at the top of tbe bracket base pad 
to cut off the jig at the bottom of the pad. as fflustrated in Fig. 9M ('top' and 'bottom* being used as an 
example for the lower teeth, and bebg opposite for the i^iper teeth). 

Next, (3605) die arebwire slot tool path AS7P Is eteatad u illustrated in the flowchart detail of 
Fig. 2Z-4, which can be understood from the gquence set forth in the flowchart with reference to the 
diagrams of Figs. 9N , 90 and 9P. Then, as act forth in the flowchart decaU of Fig. 2Zp5, (3610) a reference 
tool path X</!PU created oo an imageof a jlgblank83, as Ulustxated fai Fig. 9Q. and with reference to it. 
(3615) theoutsidejlg boundary cutout CTPisedded as tUvstratedinFlg. 2R. and (3620) theactual tool path 
77 is then generated as iUustrated in Fig, 9S. 

Then, (3625) the CNCmaehinecodeUgeaccated.uiUusiratedtethe detailed flowchart ofF^ 2Zr 
6, and wrioeo to the output file. Then, (3630) the variables are teset. (3635) tbe final resulu are displ^ed, 
and (3640) tbe program loop* back to substep (3560) until aU of ttie bracket jig code have been generated. 
Then, (3645) the irmyt***^ CNC file is sent to the eootroller of the CNC mill and a pallet of wafers 83a 
(Fig. IF) ia cut into a set of bracket plncemeot Jigs 82. An eumple of one of the jigs b illustrated in Figs. 
JT through 9W. 

What is described above indndea the p re f er red embodimeau of the tavestkm. Those skilled in the 
art will appreciate that additions CO and modUlcatiotts of the system and method of the invention, and the 
detailed manifestations thereof, may be made without departing from the princ^les of the inventive coneepu 
set forth herein. Accordingly, tbe following ia claimed: 
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Claims: 

1* A oietfaod of bbhcAtittg a custom orthodontic appliance to positioa teeth of a patient 
to preferred fuish positions in the mouth of the patient, the method compriang the steps of: 

measuring anatomical shapes mm the mouth of the patient, and producing thereby 
digitized anatomical shape data; 

deriving an archfbrm from the digitized data with a specially programmed digital 
computer; 

deriving with (he CQxnputer too^ finish portions firom the digitized data and the derived 
arch form; 

establishing ^pliance connection points, one on each of a plurality of the teeth; 

designing, with the computer from die digitized data, die established appliance connection 
points and the derived tooth finish positions, an ^pliance configuration such that a custom 
appliance fabricated in accordance therewitti and connected at the qipliance connection points to 
the teeth » wiD exert substantiaUy no tooth moving forces on the teeth when in the derived tooth 
finish positions, and will otherwise urge the teeth toward the derived finish positions; 

producing machine code in accordance with the designed qipliance configuration; and 

automatically &bricating a custom orthodontic appliance widi a NC machine in response 
to the marhinrt code to conform to the designed «^Iiance configuration* 

2* The method of claim 1 wherein the teeth include mandibular teeth and maxillary teeth 
and wherein: 

the dental anatomical shape measuring step tnehides the steps of the measuring the lower 
jaw of a patient and producing thereby digitized data of lower jaw shape, and measuring 
mandibular and maxillary teedi of the patient and producing thereby digitized data of individual 
mandibular and maxillary tooth shape; 

±e archform deriving step ineltides the step of deriving with die computer a mandibular 
skeletal archform firom the digitized lower jaw shape data; and 

die tooth finish position deriving stq» includes the stqi of deriving tooth finish positions 
from the tooth sh^ data and the derived mandibular skeletal archform to arrange the teedi with 
respect to the mandibular skeletal archform. 

3. Tlie mediod of daim 2 wherein each tooth has a crown, a root and a long axii 
extending generally vertically dirough the center of the crown, intersecting a gingival center point 
where die crown meets the root, and wherein: 

die lower jaw measuring step includes the step of digitizing data points defining a 
mandibular trough in which mandibular tooth roots are to be confined; 

die mandibular skeletal archform deriving step includes die step of fitting a smoodi 
continuous mandibular trough equation to die digitized mandibular trough data points and 
producing a digitized representation of the mandibular trough equation; 
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the mandibular tooth finiah poMtion deriving step include* the deriving potitjons which 
IQ center each mandibular tooth by placing the long axis thereof approximately on Che mandibular 

trough equation near the gingival center point of the tooth, and which place the tips of the 
mandibular teeth oa a onooth continuous curve derived by adjusting the mandibular trough 
equation; and 

the appliance configuration designing step includes defining the appliance configuradon 
15 by a series of digital values derived from the smooth continuous curve. 

4* The method of claim 1 wherein: 

the measuring step indudes the step of digitizing data of the shape of the lower jaw of the 
patient by digitizing boundary points corresponding to boundaries of the patient's cortical bone; 

the archfbrm deriving step includes tiie step of deriving from the digitized data a slceletal 
5 archfbrm mathemetically representiAg the shape of the patient's cortical bone by a smooth 

continuous equation derived from the digitized botudary points. 

5. The method of claim 4 wherein: 

the smooth continuous equation is a cubic spline equation through points related to the 
digitized boundary points. 

6. The method of claim 1 wherein the archform deriving st^ comprises die step of. 
defining a curve based on the digitized anatomical sh^ data and smoothing ^e curve by 

a best fit statisdeal method to produce smooth continuous archform eq|uation, the finish position 
deriving step and the appliance configuration designing step being based at least in part on the 
5 archform equation, 

7. The mediod of claim 1 fiutfaer comprising the steps of: 

digitally representing die derived archfbrm by an archfbrm equation In die computer; 
rqnvBendng die archfbrm equation by a series of successively tangent circle segments; 
the appliance confignraticm designing step inchides the step of designing an arcuate 
5 appliance at least in pan in accordance with a aeries of digital values representing circle segment 

lengths and radii derived fnm die circle segments of the archform equation; 

the appliance febricating step includes die step of convenmg the segment lengths and radii 
to a series of NC commands to produce die machine code» and, in response to the code, 
sequendaOy fbrming die ^liance to a radius corresponding to each segment lengdi diereof in 
10 response to die n aaghina code to conform to the designed appliance configuration. 
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8. The metfaod of claim 1 wherein: 

the tooth measuring step includes the step of digitizing the distances between mesial and 
distal contact points for each tooth to define mesial -distal widths for each tooth; 

the tooth finish position deriving step includes the step of deriving tooth finish positions 
5 CO place adjacent mesial and distal contact points of adjacent teeth in mutual contact to form a 

cooth placement arch conforming in shape to the derived archform and approximately equal in 
length to the sum of the mesial-distal widths of the teeth placed thereon; and 

the appliance configuration designing step includes the step of designing the appliance 
configuration in part from the mesial-distal widths and tooth placement arch. 

9. The method of claim 1 wherein: 

the measuring step includes the step of digitizing, for each tooth, tooth profile data in the 
form of a series of digitized data points representing die shape of the surface of the toodi at least 
along a profile thereof extending generally vertically and labial-lingually; 
5 the connection point establishing step includes the step of locating an appliance connection 

point on die surface of each of the plurality of teeth along a profile thereof; and 

the appliance configuration designing step includes die step of designing, from the series 
of digitized data points representing tiie tihapt of the surface of the teeth, the established 
connection points and the derived tooth positions* 

10. The method of claim 1 wherein the archform deriving step inchides the step of 
comparing com^randing contralateral points on opposite sides of the archform and, on 

the basis of the comparison, and calculating a modified archform that is laterally symmetrical 
about its center; and 

5 designing the appliance configuration based at least in part on the modified archform. 

11. The method of claim 1 wherein the measuring st^ includes the st^ of digitizing data 
of points on labial and lingual surfaces of each of a plurality of the teeth of the patient, and the 
method further comprises: 

deriving from the digitized labial and lingual surface data a digital representation of the 
5 orientation of a crown long axis of each tooth widi respect to the points; 

calculating finish positions of the teeth from the digitized data and the digital 
representations of the crown long axes of the teeth, the calculated finish positions including 
preferred crown long axis orientations* 
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ll. The method of claim 1 further comprisiDg the steps of: 

treadog a plurality of panents while calculating the preferred crowo long axis orientations 
and producing a record of the calculated preferred crowo long axis orientations; 

recording personal data of each of the treated patients, correllating the personal data with 
the calculated preferred crown long asis orientations and classifying the patients in population 
groups on the basis of the correUation; and 

producing a statistical record of preferred crown long axis orientations for patients of the 
population groups. 

13. The method of any one of claims 1-11 wherein: 

the measuring step includes the step of measuring tooth shape data; 

the appliance designing step includes the step of designing appliance placement jig 
configurations from the tooth shape data, each having a jig sur£ace that will conform to the 
surface of a respective tooth for facilitating the location of the connection point thereon and die 
cotmection of the appliance thereto; 

the mflehinft code producing step includes the step of producing the machine code at least 
in part in accordance with the designed appliance placement jig configurations; and 

the appliance lohricating step includes the step of automatically fabricating appliance 
placement jigs with the NC machine in response to the machine code to conform to the designed 
placement jig configurations. 

14. The method of claim 13 wherein the appliance palcement jig configuration designing 
step comprises the steps of: 

calculating, from the digitized tooth shape data and defined coimection points* jig 
geometry defining a jig locating surface d&at conforms to a unique portion of the external surface 
of the crown of a tooth, and defining as appliance engaging mhct having the same location 
relative to the jig locating surfiace as the unique portion of the external surface has to the 
connection point on the tooth» so that, the NC machine, when operated in re^onse to the control 
signal, will form a jig that, when fit on the tooth, will position and orient an ^liance engaged 
thereby at the connectian point of the tooth for connection thereto. 

15. The method of cUdm 14 ^^lerein: 

the connection point defining step includes the st^ of calculating the coimection points 
from the digitized tooth shape data; and 

the jig geometry calculating step includes the step of defining the i^ipliance engaging 
surfu:e such that the location relative to the jig locating surface is the same as that of die unique 
portion of the external surface to the calculated connection point on the tooth. 
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16. The method of claim 14 wherein: 

the appliance includes a plurality of brackets, one for connection at each connection point 
to a tooth, each bracket having an arctiwire receiving slot therein; 

the appliance coaAguration design includes bracket shape data including a digital 
5 representation of the position and inclination of the slot in the bracket; and 

the jig geometry calculating step includes the step of defining the appliance engaging 
surface to include a part thereof that will align with the slot of the bracket when the bracket is 
engaged thereby. 



17. The me&od of claim 16 wherein: 

the appliance configuratioQ designing step includes the step of calculating bracket design 
to accomodate arcuate archwire shape. 



18. The method of claim 16 wherein: 

the appliance configuration designing step includes the step selecting, from a plurality of 
bracket blanks, an optimum blank for the manufecture of the bracket in accordance with slot 
digital representation. 



19. A method of any one of claims 1*11 wherein: 

the measuring step iactudet the step of measuring the shapes of individual upper and 
lower teeth and the shape of &e lower jaw of the patient and producing thereby digitized upper 
and lower tooth data and lower jaw shape data, the tooth shape data including data of the incisal 
5 tips of the lower anterior teeth and buccal cusp tips of lower posterior teeth and central ridge or 

marginal ridge locations of upper posterior teeth; 

the finidi position deriving step includes the steps of: 
deriving a tooth-bearing lofwer jaw configuration based on assembly of the lower teeth 
along the lower arch configuration witii adjacent teetii in contact with each other and the 
10 lower arch configuration; 

vertically adjusting each lower tooth such that the incisal tips of the lower anterior teeth 
and buccal cu^ tips of the lower posterior teeth are in sobstantiaily the same occlusal plane 
and are inclined at controlled angles of inclination; 

adjusting the tooth-bearing lower arch configuration to provide a finished tooth bearing 
15 lower jaw configuration by labially-iingually positioning the lower teeth to place the incisal 

and buccal cusp tips thereof in a smooth arch in the occlusal plane with adjacent teeth in 
contact with each other; and 

deriving a tooth*bearing finished upper tooth configuration in ^9^ch: 
the posterior teeth have their central grooves or marginal ridges lying horizontally on 
20 the finished tooth bearing lower jaw configuration and vertically on the occlusal plane; 
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the anterior teeth have their incisal tips positioned below the occhisal plane to achieve 
predetermined overlapfi and are horizontally labiaUy offset from the finished tooth bearing 
lower jaw configuration so as to establish a predetermined clearance between the lower 
anterior teeth lingual faces and the labial faces of the lower anterior teeth; 
25 the appliance configuration desigining step includes the step of calculating a bracket 

configuration, including bracket slot angle and bracket slot depth, for individual upper and lower 
tooth brackets, and calculating upper and lower archwire shapes, based upon the calculated 
finished tooth positions, predetermined upper and lower archwire planes, the tooth shapes, and 
the positions of the brackets on the teeth; 
30 the appliance fagricating step includes the steps of: 

fabricating the upper and lower archwires to conform to the calculated archwire 
shapes; and 

fabricating the brackets to conform to the calculated bracket configurations. 

20. The method of any one of claims 1-11 further comprising the steps of* 
providing criteria describing the distances of the individual teeth from the pivot axis of 

the lower jaw; 

the finish position deriving step includes the steps of: 
5 calculating from the criteria and the tooth ihapt data a component of cuspid rise; and 

vertically adjustiag the upper and lower cuqiida such that their cusp tips are respectively 
below and above the oeolusal plane a distance that has a predetermined relationship to the 
calculated cuspid rise. 

21. The mediod of claim 20 wherein the tooth-bearing finished upper tooth configuration 
deriving step includes deriving the configuration in whidi: 

the upper anterior teeth have incisal tips positioned below the occlusal plane so as to 
achieve predetermined overlaps that have a predetermined relattonsfatp to die cal c ol a ted cuspid 
S rise. 

22* The method of claim 20 wherein die cuspid rise component calculating step includes 
the steps of: 

identifying occluding pair* of respective upper and lower posterior teeth of the patient, 
and determining for each pair from die digitized toodi shape data a vertical distance from the 
5 highest extent of the lower tooth of the pair to the lowest extent of the tipper tooth of the pair 

when the jaws are in a closed position; 

adjusting each determined vertical distance by a factor proportionally related to a distance 
of each pair from the pivot axis, and selecting the largest adjusted vertical distance 
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calculating, from the digitized data, finisb positions of the mandibular teeth of the patient 
at which highest points thereon are at vertical positions on an approximately flat occlusal surface; 
and 

calculating finish positions of the upper and lower cuspids of the patient extend 
respectively below and above the occlusal surface. 

23. The method of any one of claims 1-11 further comprising the steps of: 
providing an orthodontic appliance designing and manufecturing system including: 

a data input sub-system for digitizing input data of measured anatoTnical shapes and 
generating input signals carrying the digitized input data, 

a data processing sub-system for processing the digitized input signals and generating, 
in req;>onse thereto, output signals carrying the machine control code, and 

an NC appliance hardware manufectuhng sub-system^ including the NC mahine, for 
fabricating, in req>osse to the output signals, a custom orthodontic appliance for the treatment 
of the patient by moving the teeth of the patient to the preferred finish positions; 

generating, with die data processing sub-system, from the derived archfbnn, output signals 
carrying numerical machine control code for operating the NC appliance hardware mann£icturing 
sub-system to fobricate tte custom orthodontic appliance; and 

fobricatingi with the NC appliance hardware manufacturing sub-system, in response to 
the output signal and in accordance with the numerical machine contrt>l codes, the custom 
orthodontic ^bance of the custom configuration. 

24. The method of claim 23 whereis: 

the custom orthodontie appliance inctudea an arebwire having an arcuate shape that is 
mathematically related to the mandibxilar trough skeletal archfbrm; 

the NC apptiance hardware mapufactoring sub-system includes a wire bending apparatus 
responsive to numerical machine control codes carried by the output signal; 

^e output signal includes a series of codes for operating the wire bending apparatus to 
feed a wire and to bend (he M wire into the custom arebwire configuration for connection of 
the archwire to the teeth of a jaw at a respective connection points. 

25. The mettiod of claim 24 wherein: 

the digitized input data contains information from which the connection point of the 
s^liance and slope of the surtee at the connection point can be derived; 

the custom orthodontic qipliance includes a plurality of brackets, one for each tooth 
connection point, each having a base secnrable to the respective connection point, and each 
having an archwire slot connectable to the archwire; 
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the NC appliance hardware manufiacturiog sub-system iscludes a bracket fabricating 
apparatus responsive to numerical machi2>e control codes carried by the outpot signal; 

the output signal includes a series of codes for operating the bracket fabricating apparatus 
10 to febricate each bracket with the archwire slot positioned with respect to the base to support and 

orient a point on the archwire with respect to the connection point of the respective tooth to 
transfer force therebetween to urge the tooth toward its finish position. 

26. The method of claim 25 wherein: 

the digitized input data contains information of a contour oa the surface of the tooth; 

the custom orthodontic appliance includes a bracket placement jig for each bracket having 
a surface for uniquely positioning the jig with respect to the surface of the tooth and for 
5 positioning the bracket thereon at the connection point thereof; 

the NC £^)piiance hardware manufiacturing sub-system includes a bracket placement jig 
fabricating apparattis responsive to numerical machine control codes carried by the output signal; 

the output signal includes a series of codes for operating the bracket placement jig 
fabricating apparatus to febricaie the bracket placement jig. 



27. The me^od of claim 25 wherein the ^pliance fabricating step includes the steps of: 
providing a phiraiity of bracket blanks; and 

forming a bracket firom the bracket blank by forming an archwire slot in each of the 
bracket blank such that each slot will lie in an archwire plane when the bracket is mounted on 
5 the coimection point of a tooth with the tooth in its derived finish position. 

2S* The meAod of claim 27 v^erein: 

the bracket slot catting step includes tiie step of forming the slot to a depth defined by the 
intersection of the appliance archfbnn equation with the bracket, when Uie bracket is mounted 
on the connection point of a tooth with the tooth in its derived finish position; and 
5 the bracket slot cotting step includes the step of forming the slot to a slot bottom curvature 

of the radius of the interseetiog circle segment of the appliance archform etpiatiaiu 



29. Themethodofany one of claims 1-11 wherein the connection position establishing 
gtep includes, to provide optimal q>acing diereof from the gums of a patient and clearance with 
teeth of the opposite jaw of the patient, the steps of: 

digitizing data of shapes of the teeth of the patient and of geometry of parts of an 
5 appliance to be connected thereto; 

calculating from tite digitized data finish positioiu of the teeth of the patient and the 
relationships of between points on surfaces of teeth of the opposite jaws; 
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calculating from the digitized data locations on the surfaces of the teeth of one jaw of the 
patient at which the appliance is to be connected to provide optimal spacing thereof from the 
10 gums of a patient and clearance with teeth of the opposite jaw of the patient; and 

designing the appliaxtce configuration in accordance with the calculated locations for 
coimectioa of the appliance to the teeth of the patient. 

30. A meAod of any one of claims 1-11 wherein: 
the custom orthodontic appliance includes an archwire; 

the appliance configuratioo designing step includes the step of deriving digital archwire 
shape data baaed at least in part on the the derived archform; 
5 &e machine code producing step includes the step of generating a wire shape control 

signal in re^nse to the digital archwire shape data» such that^ when communicated to an 
archwire former, the former will produce a custom orthodontic archwire based on the anatomical 
shapes from the individual patient's mouth; and 

forming a length of orthodontic archwire material into a controlled shape in response to 
10 the wire ehape control signal to produce the custom archwire. 

31. The method of claim 30 wherein the machine code producing step includes the steps 

of: 

providing archwire material property data of the archwire material; and 
generating the wire beading ccmtrol signal in response to the i&aterial property data of the 
5 archwire material. 

32. The method of claim 30 fiirdier comprising the steps of: 

measuring an archwire ipan between two points on the produced custom orthodontic 
archwire; 

calculating a design archwire span from the derived archwire shape data; 
S compaiisig the measured archwire span widi the design archwire span and signaling a 

result of the compariaon; and 

geiterating the wire beading control signal in response to the signaled result of the 
comparison. 

33. A custom orthodontic appliance fobricating apparatus comprising:: 

means for measuring anatomical shapes from the mouth of the patient, and producing 
thereby digitized anatomical shape data; 

a digital computer including program means for: 
5 deriving an archform from Ae digitized data with a specially programmed digital 

computer; 
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deriving tooth finish positions from the digitixed daia and the derived archibnn; 

designing, from the digitized data, estabbsbed appliance connectioa points and the 
derived tooth finish positions, an appliance configuration sach that a custom appliance 
2 0 fabricated io accordance therewith and cotmected at the appliance connection points to the 

teeth, will exert substantiaUy no tooth moving forces on the teeth when in the derived 
tooth finish positions, and will otherwise urge the teeth toward the derived finish 
positions; and 

producing machine code in accordance with the designed ^xpliance conAgxtration; and 
1 5 an machine for automatically fabricating a custom orthodontic appliance in response to 

the machine code to conform to the designed appliance configuration. 

34. The apparatus of claim 33 wherein the fabricating machine comprises:: 

an archwire fbnner including means for fonning a length of orthodontic archwire material 

into a controlled shape in response to a wire shape control signal communicated thereto; and 
the program means including means for generating a wire sh^e control signal in response 
5 to the digital archwire shape data* such that, when the signal is communicated to the archwire 

former, the former will produce a custom orthodontic archwire conforming to the anatomical 

fih^e of the individual patient's mouft. 

35* The apparatus of claim 34 wherein: 

the derived digital archwire shape data ischides wire length data correlated to a length 
component of the derived digital archwire sb^ data and wire curvature data correlated to a 
curvature component of the derived digital archwire shape data that is a function of the length 
5 component; 

the wire shape control rignal includes a wire feed control signal carrying the wire length 
data and a wire bending control signal carrying the wire curvature data; 

the p i ogi am means includes means for generating the wire feed control signal and means 
for generating a wire bending control signal and communicating the control signals to the 
10 archwire former; and 

the archwire farmer inchides means for longitudinally feeding the orthodontic archwire 
material in response to the wire feed control signal and means for transversely bending the 
archwire material fed by the wire feeding means in response to the wire bending contnrf signal 
and in synchronism with ^e feeding of the archwire material. 



36. The ^paratus of claim 34 wherein: 

the digital archwire shape data is a digital representation of a connected series of wire 
segments, each having a lengA component and a curvamre component; and 
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the archwire former includes means for longitudinally feeding a series of lengths of the 
5 orthodontic archwire mareriai corresponding to the respective wire length components in 

accordance with the wire length data and means for bending each fed length of archwire material 
to a curvature corresponding to the respective wire curvature component in accordance with the 
wire curvature data. 

37. The apparatus of claim 36 wherein: 

each wire segment is in the fDrm of a circle segment with the length component thereof 
representing a tangential length of archwire material and with the curvature component thereof 
representing a constant radius of curvature of &e material over the tangential length of the 
5 segment; and 

the feeding means includes means for longitudinally feeding a series of tangential lengths 
of the orthodontic archwire material and the bending means includes means for benxiing each fed 
length of archwire segment to a constant radius in accordance with the wire curvature data. 

38* The apparatus of claim 37 wherein: 

the feeding means is operative to sequentially feed a series of lengths of the archwire 
material equal to the length components of the circle segments, in response to the wire feed 
signal » along a longitudinal path; 
S the bending means includes a bending element moveable in response to the wire bending 

signal transverse to the path to impart m transverse bending deflection to &e segment and a 
transverse, position sensor for producing a feedback mgnal responsive to the deflection; and 

the computer includes means for modifying the wire bending control signal in response 
to the feedback signal to provide closed loop control of the bending element. 

39. The apparatus of claim 34 wherein: 

the program means includes means in conunnnication with the wire shape control dgnal 
generating means for receiving material property data of the archwire material and for modifying 
the wire bending control signal in accordance with the property dau to compensate for elastic 
S properties of the materiaL 

40. The apparatus of claim 34 further comprising: 

means for measuring an archwire span between points on first and last segments of the 
series of the produced custom orthodontic archwire; 

the program means including means for calculating a design archwire span ftt>m the 
5 derived archwire shape data; 

means for comparing the measured archwire span with the design archwire span and for 
storing the results of the comparison; and 
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the program meaDS being operative to generate the wire shape control signal in response 
to a stored result of the comparison. 

41. The apparatus of any one of claims 33-40 wherein the fiabricating machine 
comprises:: 

a bracket forming apparatus incluiling: 

a holder having means thereon for mounting a bracket blank thereon for fabrication; 
5 means for forming at least one surface of a bracket blank mounted on the holder in 

response to a machine control signal communicated thereto in response to the control 
signal including means for shaping the bracket blank mounted on the holder to produce 
a bracket having a slot of a calculated geometric relationship to the mounting surface of 
the bracket base Uiereof. 

42. The ^params of claim 41 wherein: 

each slot includes generally parallel upper and lower sides defining a slot inclination and 
includes a slot base at an end thereof nearest the bracket base defining a slot position; 

each calculated geometric relationship of a slot to the mounting surface of a bracket 
includes the slot inclination and a slot position relative to the mounting surfiice; 

the generated mochma control signal carries machine control instructions for causing the 
forming means to sh^e the bracket blank to produce a bracket having a slot of the calculated slot 
inclination and slot position wiA respect to the mounting surfoce; 

the sloC of each bracket is adapted to receive an archwire having a custom curvature 
adjacent the tooth on whidi the bracket is to be secured; 

each calculated geometric relationship of a slot to the mounting surface of a bracket 
includes a slot bottom curvature conforming to the custom curvature of the archwire adjacent 
thereto; and 

the generated wa^Htn*. control signal carries magb™ control instructions for causing the 
forming means to shape the bracket blank to produce a bracket having a slot of the calculated slot 
bottom curvature. 

43. The apparatus of claim 41 wherein: 

the fbtming means includes means for cutting a slot in the support in response to the 
control signal. 

44. The ^paratus of claim 41 wherein: 
the holder and the forming means are mounted on a stand; and 
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the apparatufl further comprises means for angularly oriesdng the bolder with respect to 
the stand and to the forming means, and means for translating the cutting means with respect to 
the stand and to the holder, in response to the control signal. 

45. The apparatus of claim 33 wherein: 

the fobricating machine comprises: a jig former including means for forming a jig for 
positioning a custom orthodontic appliance on a tooth of a patient, including means for sh2q)ing 
the contours of a surface of blank of jig forming material in response to a control signal 
communicated thereto; 

the measuring means includes means for providing a digitized record of the shades of the 
teeth of a patient and of the locations relative to the tooth shape record of appliance connection 
points on surfiaces of the teeth; 

the program means includes means for calculating, from the digitized tooth shape and 
connection point record, jig geometry defining a jig locating surface that conforms to a unique 
portion of the external surfoee of the crown of a tooth, and defining an t^ipliance engaging 
surfoce having the same location relative to the jig locating surface as the unique portion of the 
external surfece has to the comiection point on the tooth; and 

the generating means includes means for generating a machine control signal carrying 
machine control instructions for producing a jig in accordance with the calculated jig geometry. 

46. Tlie apparatus of claim 45 wherein: 

the appliance inchides a plurality ofbrackets, one for connection at each coimection point 
to a tooth; 

the apparatus fVirtfaer comprises means for providing digitized bracket thape data of an 
external snr&ice of each bracket to be connected to a connection point; and 

wherein the jig geometry calculating means includes means for defining the q>pliance 
engaging surface of the jig to conform, in response to the digitized bracket shi^>e data, to the 
estabUshed ^liance geometry. 
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1500 
MAXILLARY 

SLOT 
INCLINATION 
DESIGN 



1405 

CALCULATE VERTICAL DISTANCE 
FROM INCISALEDGETO 
POINT 4 ON CENTRALS 



1505 

RND INTERSECTION OF 
ARCHWIRE PLANE AND 
TOOTH 



1410 

DIVIDE SMALLER VERTIACAL 
DISTANCE BY TWO 



1510 

DESCRIBE CIRCLES ABOUT 
INTERSCETION TO LOCATE 
TWO SPACED POINTS ON TOOTH 



1415 

DETERMINE VERTICAL DISTANCE 
FROM POINT 4 TO BUCCAL CUSP 
OF LAST BICUSPID 



1515 

FIND COORDINATES OF 
CIRCLE INTERSECTIONS 
WITH TOOTH SURFACE 



1420 

DIVIDE VERTICAL DISTANCE 
BY TWO 



1520 

CALCULATE SLOPE OF LINE 
BETWEEN TWO CIRCLE 
INTERSECTION POINTS 



1425 

CALCULATE DISTANCE FROM 
SLOT CENTERLINE TO OCaUSAL 
PLANE FOR CENTRALS AND BICUSPIDS 



1525 

SUBTRACT 90 DEGREES 
TO DETERMINE SLOPE 
OF ARCHWIRE PLANE 



1430 

SUBTRACT DISTANCES AND 
CALCUUTE ELEVATIONAL CHANGE 




1499 
^EXU. 



FIG. 2S 



FIG. 2R 
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1600 

MANDIBULAR 
[BRACKET IN-OUTI 
,ANOARCHWIRE> 
DESIGN 



1605 
EACH TOOTH 



1668 

CHOOSE LOGICAL BRACKET REPLACEMENT 



1606 

FIND CIRCLE SEGMENT OF ARCH EQUATION 
ASSOCIATED WITH INCJSAL OR CUSP TIP (ICP) 



I 



1610 

DERNE VERTICAL PLANE THROUGH TOOTH ICP 
AND BEST FIT ARCH CIRaE SEGMENT CENTER 



1615 

IN PLANE, CALCUUTE PYTHAGORIAN 
DISTANCE (PD) FROM SEGMENT CENTER TO ICP 



1620 

IN PLANE, DEFINE LINE 
NORMAL TO PD THROUGH ICP 



I 



1625 

IN PLANE, DETERMINE INTERSECTION OF 
NORMAL LINE (NL) TO ARCHWIRE PLANE 



1630 

IN PLANE, CALCULATE RADIAL DISTANCE 
(XD) FROM NL TO LABIAL SURFACE OF TOOTH 



I 



1635 

CALCULATE MINIMUM ARCHWIRE RADIUS AS 
PO+XD+CLOSEST WIRE SPACING FROM TOOTH 



1640 

SIMILARLY CALCULATEMAXIMUM RADIUS 



1645 

CALCULATE COORDINATES AT MAXIMUM 
AND MINIMUM RADII IN ARCHWIRE PLANE 



1650 

CALCULATE MIDPOINT BETWEEN 
MAXIMUM AND MINIMUM POINTS 




NO 



1660 

AVERAGE SIDES FOR 
SYMMETRICAL WIRE 



1665 

DETERMINE SMOOTHEST CURVE 



i 



1666 

COMPUTE CUBIC SPLINE 
EQUATION (FIG. 2WI 




1670 
EACH TOOTH 



1672 

DETERMINE INTERSECTION OF 
TOOTH ICP RADIUS AND CURVE 



1675 

DETERMINE SLOT IN-OUT 
DIMENSION FOR TOOTH 




NO 



1685 

CONVERT SPLINE EQUATION TO 
CIRCLE SEGMENT EQUATION [FIG. 2Z 



1690 

CONVERT CIRCLE SEGMENTS TO 
LINEAR DISTANCE MOVES FOR NC 




FIG. 2T 
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1700 

MAXILLARY 
[BRACKET IN-OUTI 
^AND ARCHWIRE, 
DESIGN 



1705 
EACH TOOTH 

I 



1768 

CHOOSE LOGICAL BRACKET REPLACEMENT 



1706 

RND CIRaE SEGMENT OF ARCH EQUATION 
ASSOCIATED WITH INCISAL OR CUSP TIP (ICP) 



Z 



1710 

DERNE VERTICAL PLANE THROUGH TOOTH ICP 
AND BEST FIT ARCH CIRCLE SEGMENT CENTER 



i 



1715 

IN PLANE, CALCULATE PYTHAGORIAN 
DISTANCE (PD) FROM SEGMENT CENTER TO ICP 



Z 



1720 

IN PLANE, DERNE UNE 
NORMAL TO PD TH ROUGH ICP 

* " 



1725 

IN PLANE, DETERMINE INTERSECTION OF 
LINE NL TO RELEVANT ARCHWIRE PLANE 



I 



1730 

IN PLANE, CALCULATE RADIAL DISTANCE 
(XD) FROM NL TO LABIAL SURFACE OF TOOTH 



I 



1735 

CALCULATE MINIMUM ARCHWIRE RADIUS AS 
PD+XD+CLOSEST WIRE SPACING FROM TOOTH 



I 



1740 

SIMILARLY CALCULATE MAXIMUM RADIUS 



Z 



1745 

CALCULATE COORDINATES AT MAXIMUM 
AND MINIMUM RADII IN ARCHWIRE PLANE 



I 



1750 

CALCULATE MIDPOINT BETWEEN 
MAXIMUM AND MINIMUM POINTS 




1760 

AVERAGE SIDES FOR 
SYMMETRICAL WIRE 



1765 

DETERMINE SMOOTHEST CURVE 
Z 



1766 

COMPUTE CUBIC SPLINE 
EQUATION fRG. 2W| 




1770 
EACH TOOTH 



I 



1772 

DETERMINE INTERSECTION OF 
TOOTH ICP RADIUS AND CURVE 



1775 

DETERMINE SLOT IN-OUT 
DIMENSION FOR TOOTH 




NO 



1785 

CONVERT SPUNE EQUATION TO 
CIRCLE SEGMENT EQUATION [RG.2W) 



I 



1790 

CONVERT CIRCLE SEGMENTS TO 
LINEAR DISTANCE MOVES FOR NC 




RG. 2U 



wo 94/10935 



20/54 



PCT/US93/ 10858 



1800 
PLACEMENT 
JIG DESIGN 
STEP 



1810 

READ TOOTH PROFILES FROM STEP (500) AND 
(OPTIONAL) CONTOURS FROM STEPS (300) AND (400) 



I 



1815 

READ ARCHWIRE PLANE AND INTERSECTION WITH PROFILE FROM 
STEPS (1200) AND ('1400) 



1825 

READ SLOT IN-OUT DIMENSION FROM STEPS (1600) AND (1700) 



1830 

READ BRACKET TYPE FROM STEPS (3000)AND 
LOOK- UP BRACKET DIMENTIONS 



I 



1835 

READ WIRE DATA FROM PERSCRIPTION AND STEP (3200) 



1840 

INPUT TOOL DIMENSION DATA AND SET CLEARANCES 



1845 
EACH TOOTH 



1850 

COMBINE DATA FROM ABOVE AND 
GENERATE TOOL PATH EQUATIONS 




NO 



1860 
NEXT TOOTH 



FIG.2V 
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2000^ 

f CUBIC SPLINE) 
ROUTINE 
ENTRY 
POINT 



2100 

CIRCLE 
CONVERSION] 
ENTRY 
POINT 



2105 

FOR N DATA POINTS: 



J=1 



2005 

EXECUTE CUBIC SPLINE ROUTINE 
AND IDENTIFY DATA POINT FILE 



2010 

DECLARE SUBROUTINES 
AND DIMENSION ARRAYS 



2015 

READ DATA FILE AND 
ARRAY AS X 'Y POINTS 



2020 

DEFINE FIRST DATA POINT AS ORIGIN 0,0; 
SET ALL OTHER POINTS RE LATIVE TO 0.0 



2025 

COMPUTE SLOPES OF THE CUBIC SPLINE: 
A) COMPUTE COEFRCIENTS OF PARABOLA 

B) RLL FIRST SLOPE ARRAY POINT 
C) FILL INTERMEDIATE ARRAY POINTS 

D) FILL FINAL SLOPE ARRAY POINT 

— T - — 



2030 

COMPUTE SPLINE COEFFICIENTS 



2035 

EVALUATE POLYNOMIAL 




CALCULATE: 

(A) LINE FROM POINT J TO J+1 

(B) INTERSECTION OF 
TANGENTS TO POINTS 

(C) UNE PERPENDICULAR 
TO (A) AND (B) 

(D) CENTERS OF CIRaES = 
INTERSECTIONS OF LINES 
NORMAL TO POINTS AND (C) 



CALCULATE 

(E) ANGLES BETWEEN POINTS 
AND (C) ABOUT (D) 

(F) ARC LENGTHS 

(G) INTERSECTION OF (D) ON (C) 




. 2205 
FOR EACH 
TOOTH: 



2045 

CALCULATE POINTS AT SMALL INCREMENT 
ON EACH SIDE OF ORIGINAL DATA POINT 



2050 

CALCULATE SLOPES AT POINTS ON 
EACH SIDE OF ORIGINAL DATA POINTS 



2055 

SOLVE QUADRATIC EQUATIONS. CALCULATE 
RADII, ARC LENGTHS, RUNNING ARC LENGTH 



(A) IF OFFSET REQUIRED. 
EXPAND SEGMENT 



(B) 

I 

(F) 



PUCE MESIAL CONTACT 
POINT ON ARCH 
CIRaE(B) AT TOOTH WIDTH 
PLACE DISTAL CONTACT WHERE 
ARCH INTERSECTS (C) 
CIRCLE (B) AT 1/2 WIDTH 
PLACE TOOTH CENTER WHERE 
ARCH INTERSECTS (E) 




FIG. 2W 
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^02? 
CREATE 
MAIN CNC 
.PROGRAM. 



(RS-274) 

1) ERASE PRIOR 
PROGRAM AND SET 
MACHINE TOOL TO 
INITIAL POSITION: 

//////////////// 

GOO G90 G98 XO.O 
Y1.0ZD.0 CO.O 

M03 

GOO G99 C180 



2) POSITION FOR 
LOWER SECOND AND 
FIRST BICUSPID P 
CODE EXECUTION: 

G90 GOO X-4.5 
Y0.300 

P0101 

G90 X-3.5000 
P0201 

G90 X-2.5000 
(CONTINUE 
THROUGH P CODE 
NUMBER 10) 

P0801 

G90 X3.5000 
P0901 

G90 X4.5000 
P1001 



3026 

3) MOVE CUTTER 
FOR FIXTURE 
CLEARANCE AND 
POSITION FIXTURE 
FOR CHANGE TO 
UPPER BRACKETS; 
TURN OFF CUTTER 
AND PAUSE 
PROGRAM: 

G00G90 G98Y1. 

M05 

XO. C50. 
M01 



4) CONTINUE UPON 
COMMAND, ROTATE 
FIXTURE AND 
PRESENT 
WORKPIECETO 
CUTTER: 
M03 

GOO G99 C-180. 



5) POSITION FOR UPPER 
SECOND AND FIRST 
BICUSPID P CODE 
EXECUTION: 

G90 GOO X-4.5 Y.150 

P1 101 

G90 X-3.5000 
P1201 

CONTINUE THROUGH P 
CODE NUMBER 20 

G90 X3.500 

P1901 

G90 X4.500 
P2001 



6) MOVE CUTTER FOR 
FIXTURE CLIARANCE AND 
POSITION FIXTURE FOR 
PLATE REMOVAL; TURN 
OFF CUTTER AND STOP 
PROGRAM AND REWIND 
TO TOP OF PROGRAM: 

GOO G90 G98 XO.O 
Y1.Z0.0 

C50. 

M05 

M30 



FIG. 2X-1 




SUBSTITUTE SHEET (RULE 26) 
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(RS-274) 

1) ERASE PRIOR 
PROGRAM AND SET 
MACHINE TOOL TO 
INITIAL POSITION: 

llllllllllllllll 

GOO G90 G98 XO.O 
Y1.0Z0.0 CO.O 

M03 

GOO G99 C180 



2) POSITION FOR 
LOWER SECOND AND 
FIRST BICUSPID P 
CODE EXECUTION: 

G90 GOO X-4.5 
Y0.300 

P0101 

G90 X-3.5000 
P0201 

G90 X-2.5000 
(CONTINUE 
THROUGH P CODE 
NUMBER 10) 

P0801 

G90 X3.5000 
P0901 

G90 X4.5000 
P1001 



3026 

3) MOVE CUTTER 
FOR FIXTURE 
CLEARANCE AND 
POSITION FIXTURE 
FOR CHANGE TO 
UPPER BRACKETS; 
TURN OFFCUHER 
AND PAUSE 
PROGRAM: 

GOO G90 G98 Y1. 

M05 

XO. C50. 
M01 



4) CONTINUE UPON 
COMMAND, ROTATE 
FIXTURE AND 
PRESENT 
WORKPIECE TO 
CUTTER: 
M03 

GOO G99 C-180. 



5) POSITION FOR UPPER 
SECOND AND FIRST 
BICUSPID P CODE 
EXECUTION: 

G90 GOO X-4.5 Y. 150 

P1101 

G90 X-3.500O 
P1201 

CONTINUE THROUGH P 
CODE NUMBER 20 

G90 X3.500 

P1901 

G90 X4.500 
P2001 



6) MOVE CUHER FOR 
FIXTURE CUARANCE AND 
POSITION FIXTURE FOR 
PLATE REMOVAL; TURN 
OFF CUHER AND STOP 
PROGRAM AND REWIND 
TO TOP OF PROGRAM: 

GOO G90 098 XO.O 
Y1.Z0.0 

C50. 

M05 

M30 



FIG. 2X-1 
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FIG. 2X-2 



CALCULATE VARIABLES FOR EACH BRACKET: 

TmDTta<0, THEN: 
IYPT=(-1)*(BW(B0-TWR)); 
BI3=IYPT/C0S(ThtaRad)+eLAN/tan(ThtaRad); 
bL5=fc/sin(ThtaRad); 
nnl5=tan(ThtaRad - PI/2); 
ML4=ML5; Beta=ThtaRad+atan(bo/fc+bc)); 
D1=((fc+bc)^2yH1/2); 

P7x={bL5-bL3)/ML3-ML5); P7y=ML3*P7x+bL3; 

P8x=(D1 *sin(Beta)+twr-bL5)/ML4: 

P8y=Drsln(Beta)-twn 

Delx=P8x-P7x; Dely=P8y-P7y; 

LA(Delx'^2+Dely^yH1/2); 

x=(LA*(cos(ThtaRad))^2/(1+(cos(ThtaRad))^2); 



WHERE: 
P7x AND P7y = X AND Y 
COORDINATES OF INTER- 
SECTION OF UNE 5 AND LINE 3; 
P8x AND P8y = X AND Y 
COORDINATES OF INTER- 
SECTION OF LINE 5 AND LINE 
PARALLEL TO X AXIS AND 
THROUGH TIE WING IN ROTATED 
POSITION; 

LA=PYTHAGOREAN DISTANCE 
FROM POINT 8 TO POINT 7; 
P9x AND P9y = BOTTOM OF SLOT 
IN X AND Y DIRECTIONS FROM 
CENTER OF FIXTURE ROTATION. 



3032 IF TmpTta>0, THEN: 
IYPT=bw+bo+=twr; 
bL3=IYPT/cosCThtaRad); 
bL5=fc/sln(ThtaRad)+Elan/lan(ThtaRad): 
ML3=tan(ThtaRad-Piy2) 
ML4sML5; 

Beta=ThtaRad+atan(bo/fc-i-bc)); 

D1=((fc+bc)A2+(bO)^1/2); 

D2((fc+bc)^2+(IYPT)A2)^1/2); 

p7x=(bL5-bL3))/{ML3-ML5)/ML4; 

P7y=ML3*p7x+bL3; 

p8x=(D1 *sin{Beta)+tw4r=bL5)/ML4; 

P8y=Drsin(Beta); 

Delx=P8x-P7x; 

Dely=P8y-P7y; 

LA=(Delx'^2+Dely'^2)/(1+{cos(ThtaRad))^2); 
P9x=P7x+x*sin(ThtaRrad); 
P9y±P7y-*cos(ThtaRad); 
IFTheta<OTHEN 

IF LOWER TEETH, THEN 

{TtaStrt=Theta; TtaEnd=(-1)*Theta;} 

ELSE {TtaStrt=(-1)*Theta;TtaEnd=Theta;} 
ELSE 

IF LOWER TEETH THEN 
{TtaStrtsTheta; TtaEnd=(-1)*Theta;} 

ELSE {TtaStrt=(-1)*Theta; 
TtaEnd=Theta;} 

D2=PYTHAG0REAN DISTANCE FROM 
(0,0) TO (fc+bc,IYPT; 
TEMPORARY Theta (TmpTta)=0 
TIE WING RADIUS (twr)=0.010 



I 



3033 SUBTRACT ONE HALF WIRE 

HEIGHT FROM IN-OUT DIMENSION; 

Elan::Elan-0.012 

WHERE: ML3=SL0PE OF line 3; 

bL3=Y INTERCEPT OF line 3; 

ML5=SL0PE OF LINE 5; 

bL5=Y INTERCEPT OF LINE 5; 

ML4=SL0PE OF LINE 4; 

BETA=ANGLE BETWEEN X AXIS 

AND CENTER OF TIE WING 

(BELOW X AXIS). 



Z 



BOUpLosUSBOUL 
B0UpHi=U50UB 
6WLowr=L5BW 
BWUppr=U5BW 



3034 EXTRACT DESIGN DATA 
FOR SECOND BICUSPIDS: 

BCLoLoaLSBCLL BCUpHi=U5BCUH 

BCLoHj=L5BCLH — " 

BOLoLo=L5BOLL 

BOLoHI=LSBOm 

BCUpLosUSBCUL 
WHERE: 
FOR LOWER SECOND BICUSPIDS: 
LSBCLLsBRACKET CONSTANT BELOW X AXIS; 
L5BCLH=BRACKET CONSTANT ABOVE X AXIS; 
L5B0LL=BRACKET OFFSET BELOW X AXIS; 
L5B0LH=BRACKET OFFSET ABOVE X AXIS; 
L5BW=BRACKET WIDTH; 
FOR UPPER SECOND BICUSPIDS: 
U5BCUL=BRACKET CONSTANT BELOW X AXIS; 
U5BCUH=BRACKET CONSTANT ABOVE X AXIS; 
U5B0LL=BRACKET OFFSET BELOW X AXIS; 
U5B0LH=BRACKET OFFSET ABOVE X AXIS 
U5BW=BRACKET WIDTH 



3035 SET ALL 
BRACKETS EXCEPT 
BICUSPIDS TO 
LOWER PROFILE. 



/^03^\ 
-M^XIT ) 



SUBSTITUTE SHEET (RULE 26) 
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3040 



ASSIGN VARIABLES FOR EACH TOOTH: 
IF TOOTH IS LOWER SECOND BICUSPID: 
bw=L%BW 
Elan=LL2biT 
Tbeta=LL2biA 
ar=LR5 
foFCLo 

IF Elan<=MinBic THEN LOW PROFILE BRACKET & 
LLt5=0 

IF Theta<=0 THEN {bc=BCBiLo; bo=-rBOBiLo} 
ELSE {bc=BCBiHi; bo=BOBIHI} 
ELSE IF Theta<=0 THEN LOW PROFILE BRACKET 
& {BC=I5BCLL; bo=-rL5BOLL} 
ELSE HIGH PROFILE BRACKET & 

(bc=L5BCLH; bo=L5BOLH}] 



WHERE: 

MinBioMINIMUM BICUSPID 
IN-OUT FOR HIGHER 
PROFILE BRACKETS 
bw=BRACKET WIDTH 
Elan=IN-OUT 
Theta=TORQUE (SLOT 
INCLINATION TO PLANE) 
ar=ARCH RADIUS 
LR5=L0WER RADIUS FOR 
SECOND BICUSPID 
fc=FIXTURE CONSTANT 
bo=BRACKET OFFSET 
bc=BRACKET CONSTANT 



3045 TEST FOR NON-ZERO ANGLE: 
IFThetaoOTHEN: 

ASSIGN UPPER OR LOWER SIGN TO ANGLE: 
LOWER TEETH: TmptTA-(-1)*Theta 
UPPER TEETH: TmpTta=theta 
ThtaRad=RAD(TmpTla) 
ELSE: TtaSlrtsTheta 
TlaEndsTheta 
P9x=fc+Elan 

P9y=(0.5)*ABS(bo+twr+0.5*bw) 
IF LOWER TEETH: P9v=(-1)*P9v I 



WHERE: 



ThtaRad=THETA 
CONVERTED TO 
RADIANS 
P9xAND 

P9y=DISTANCE OF 
BOnOM OF SLOT IN 
X AND Y DIRECTIONS 
FROM CENTER OF 
FIXTURE ROTATION 



I 



3050 IF TMpTta>0: 

P9x=P7x-x*sln(ThtaRad) 

P9y=P7y+x*cos(ThtaRad) 

IF Theta<0 THEN: 

IF C0UNTER<+12 THEN 
{TtaStrt=Theta; TlaEnd=(-1)*Tlieta} 
ELSE frtaStrt=(-1)*Theta; 

TtaEnd=Theta} 



WHERE: IYPT=DISTANCE FROM X AXIS 
TO BRACKET WALL; 
bo=BRACKET OFFSET; 
fc=FIXTURE CONSTANT; 
bc=BRACKET CONSTANT; 
twr=TIEWING RADIUS; 
bw=BRACKET WIDTH; 
D1=PYTHAG0REAN DISTANCE 
FROM (0,0) TO (fc+bc.bo) 



3055 PERFORM CALCULATIONS FOR 
TORQUE SLOT ON ARCHWIRE RADIUS: 
2=P9y 
cr=cd/2 

IF bic<=0 THEN: 
NCi=0.35 
NCj=0.0 
ys=P9x+cr 
ELSE: 

NCi=tr*sin(aar) 
ncj=tr*cos(arr) 
ys=P9x-tr'(1 -cos(arr))+cr 
xs=s-NCI 
XE=S+NCI 



I 



WHERE* 

z = P9y [HEIGHT OF CUTTER 
NEED TO CUT TORQUE 
SLOT INTO BRACKET; 
cd = CUTTER DIAMETER; 
NCI AND NCj = START TO 
CENTER POINTS FOR ARCH 
RADIUS CUTTER PATH INi 
AND j DIRECTIONS; 
ys AND xs = y AND X START 
POINTS FOR ARCH RADIUS 
CUTTER PATH; 
xe = X ENDPOINT FOR ARCH 
RADIUS CUTTER PATH 




FIG. 
2X-3 
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@ COMBINE NC CODE WITH CALCULATED VALUES AND GENERATE 
INDIVIDUAL TOOTH SUBROUTINES: 



IF TOOTH IS A BICUSPID: 

one$ = "G91 C" + "TteStrf 

two$ = "G90 GOO X" + "xs" + "Z* + "z" 

threes = *Y* +'ys' 

IF TOOTH IS LOWER 2ND BICUSPID 
THEN {FOUR$="G01 x" + "XE" + 
"16.0") 

ELSE {FOURS = "G01 X +"xe" 
fives = "g00 Yir 
six$ = °Z0.0" 

sevens = "091 C +"TlaEnd° 



ELSE: 

one$="G9l C" + "ThaStrt" 

twos = "G90 gOO X" + xs + "Z" + "z" 

threes = "Y" + "ys" 

fours = G02 r + "NCr + "J-" + "NCj" + X" + 
"xe" 

five = "g00U1.7' 
sIxS = Z0.0" 

sevens = "g91 C" + 'ThaEnd" 



I 



3065 WRITE P-CODE SUBROUTINES: 
3066 FOR BICUSPIDS: 
P01 

G91 C-12.52 

G90 GOO X3.8000 Z0.1294 

Y-0.0551 

G01 X-3.2000 

GOO Y0.300 

Z0.0 

G91 012.52 
M12 



3067 FOR OTHER TEETH: 
P03 

G91 C-9 82 

G90 GOO X-3.0229 Z0.1049 
Y-0.1411 

G02 10.5229 J-1 . 4368 X-1. 9771 

GOO Y0.300 

ZO.O 

G91 C9.82 
M12 




FIG. 2X-4 
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3200 
ARCHWIRE 
MAKING 
STEP 



3210 READ AACHWIRE DATA: 
WIRE ALLOY. 
WIRE CROSS-SECTION 



3215 READ ARCHWIRE 
EQUATION, FOR EACH 

CIRCLE SEGMENT: 
RADIUS 

SECTOR LENGTH 
CUMMULATIVE LENGTH 



3220 ADD TERMINAL LEG RADII 
AND SECTOR LENGTH TO PRODUCE 
PARALLEL LEGS + 1/2" STRAIGHT 
SEGMENT 



3025 CALCULATE TERMINAL LEG SPAN 



3030 READ WIRE PROPERTIES FROM 
WIRE DATA TABLE FOR WIRE ALLOY 
AND CROSS-SECTION 



3235 COMPUTE SLOPES OF CUBIC 
SPLINE DESCRIBING WIRE 
BEHAVIOR 



3240 COMPUTE CUBIC SPLINE 
COEFFICIENTS [FIG. 2WI 



3245 CALCULATE ANVIL LEVER ARM 
AND ANVIL DISPLACEMENT FOR 
GIVEN RADII 



3255 WRfTE DATA ARRAY: 
SECTOR LENG"mS, 
LEVER ARM DISPU^CEME^fTS. 
RADII. 
TERMINAL LEG SPAN 



3260 INITIALIZE CONTROLLER: 
mcinit & HDOOO, & HO 

E 



3265 SET CONTROLLER BASE ADDRESS 
(0000:0000) 



FORx%=0TO1 
mc.resetx% 
mc.setgainx%,2 
mc.selpolex%,0 
mc.selzerDX%,150 
mcsetcomfnand x%,0& 
nic.cir.posltlonx% 
nK.setpcx%,CONTROL 

NEXrx% 



'reset conlroller 
'setdigitallilterparaineters 



'set command position to zero 
'clear actual position 
turn on seivo control 



T 



3270 SET DEFAULT PARAMETERS 
enc% = 8000 
max.vel = 5 
acc = 8 

FORx% = 0TO1 

mcsetnnvel x%, nfiax.vel 

mcsetaccd x%, acc 
NEXTx% 



327rOT^ETOiTDOERlE^ 
SECTOR LENGTWS AND LEVER ARM 
DISPLACEMENTS TO WIRE MACHINE. 



I 



3280 ZERO LEVER ARM I 



I 



3285 INSPECT WIRE: 
READ WIRE LEG LOCATION. 
CONVERT TO NUMERICAL VALUE 
CALCULATE DIFFERENCE OF TERMINAL LEG 
SPAN (DESIGN) AND MEASURED SPAN 



3290 MULTIPLY RADII 
BY CORRECTION 
FACTOR 



YES. 



^3287^ 
SPAN 



JRROR 
.LARGE 



TOO. 



NO 



3299 
EXIT, 



FIG. 2Y 
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3515 FOR EACH TOOTH (e.g. LOWER 
LEFT 2nd BICUSPID = LL2BI], 
FROM DESIGN DATA. READ: 
a) INTERSECTION OF ARCHWIRE PLANE 
WITH TOOTH SURFACE (LL2Blx,LL2Biy); 
b) SLOT IN-OUT DIMENSION (LL2BilO); 

c) BRACKET TYPE {LL2BiBR); 

d) READ LABIAL OR LINGUAL 



I 



3520 FOR EACH BRACKET, 
LOOKUP BRACKET 
THICKNESS {LL2BiBT) 
FOR BRACKET TYPE 



3530 OPEN CNC FILE FOR 
JIG MAKING MACHINE 
CONTROL 



I 



3535 WRITE MAIN 
PROGRAM FOR CNC FILE 
[FIG. 2Z-1] 



m ItJENTIPY SEQUENTIAU 
RLE CONTAINING BEGINNING 
AND ENDING OBJECT NUMBER 
FOR EACH TOOTH PROFILE PF 
! 



3545 READ CAD FILE CONTAINING 
TOOTH CROSS-SECTION PROFILES 

i 



3550 ENTER ENDMILL DIAMETER 
(ToolRad); MUST BE LESS THAN 
ARCHWIRE SLOT (0.018 OR 0.022) 



I 



3555 DECLARE CONSTANTS: 
(1) DIAMETER OF BLANK (CIrcRad) 

(2) CLEARANCE OF CUT ON OUTSIDE 

OF JIG (Clear) 

(3) NUMBER OF LOOPS (NumPk)=23) 

(4) LOOP COUNTER (counter)= 1 

(5) P-CODE COUNT (PCount)= 1 




3560} 



'ADVANCE COUNTERS: 
PCount=PCount+1 
counterscounter+1 



I 



13565 IF COUNTER IS AT LOWER RIGHT 
FIRST MOLAR, ADVANCE TO UPPER 
LEFT SECOND BICUSPID 



SETUP pSaMETERS POR 
PARTICULAR TOOTH fFIG. 2Z-21 



3590 CREATE INITIAL PROFILE AND 
BRACKET TOOL PATHS fFIG. 2Z.3] 



3605 CREATE ARCHWIRE SLOTTOOU 
PATH iFI(3. 2Z4] 



3610 CREATE REFERENCE AND 
ACTUAL TOOL PATHS FIG. 2Z-5] 



I 



3625 CREATE CNC MACHINE CODE 

AND WRITE FILE TO CUT JIGS 
[FIG.. 2Z-61 



3630 DELETE THE ORIGINAL INSIDE 
TOOL PATH, BRACKET COMPENSATION 
TOOL PATH. ARCHWIRE TOOL PATH 
AND CLEARANCE TOa PATH. 



I 



3635 REDISPLAY ALL UNE OBJECTS 
ASSOCIATED WITH THE CNC CUTTER 
PATH. 




3645 SEND CNC CODE TO TOOL 
CONTROLLER AND CUT JIGS. 




FIG. 2Z 



SUBSTITUTE SHEET 



(RULE 26) 



wo 94/10935 



29/54 



PCr/US93/ 10858 




WRITE MAIN PROGRAMFOR CNC RLE 



a) CLEAR & RESET; TOa TO INmAL POSITION 



GOOG90G98XO.OY2.0Z2.0 
M03 

G90 600X-4.5 Y2.0 

b) CAa LOWER SECOND BICUSPID P-CODE 
AND POSITION FOR FIRST BICUSPID P CODE 
EXECUTIION THEN CALL P-COOE ROUTINE: 

P0101 

G90X-3.5000 
P0201 
CONTINUE THROUGH 
P-CODE #10 
GgOX3.5000 
P0901 

G90 X4.5000 
P1001 

c) TURN OF SPINDLE, MOVE CUTTER FOR 
FIXTURE CLEARANCE AND POSITION RXTURE 

FOR CHANGE TO UPPER BRACKETS AND 
PAUSE: 

M05 

600G90G98Y20 
M01 

d) CONTINUE UPON COMMAND AND PRESENT 

WORKPIECE TO CUTTER: 

M03 

G90G00X-4.SY2.0 

e) CALL UPPER SECOND BICUSPID P-CODE AND 
POSITION FOR RRST BICUSPID P-CODE 

EXECUTION THEN CALL P-CODE ROUTINE 
P1101 

G90 X-SiOOO 
PP1201 
G90X-1500 

CONTINUE THROUGH P-CODE #20: 
G90 X3.5000 
P1901 

Q90 X4.5000 
PP2001 

f) TURN OFF SPINDLE, MOVE CUHER FOR 
RXTURE CLEARANCE, STOP PROGRAM AND 
REWIND TO TOP OF PROGRAM: 
M05 

GOO G90 G98Y2.0 
M30 



FIG. 2Z-1 



^3539> 

^exit; 




35701 



IDENTIFY CONSTANTS FOR LOOP: 
BReUBASE THICKNESS; TSx,TSy ARE 
TOOTH SURFACE INTERSECTION WITH 
ARCHWIRE PLANE; e.g.: 
IF counter = 2, THEN: 
BRel=LL2BiBT 
TSxsLL2Blx 
TSy=LL2Biy 
IF counter = 3, THEN: 
BRel=LL1BiBT 
TSx=LL1Bix 
TSy=LL1Biy 



I 



3575 IDENTIFY TOOTH 
NOMENCLATURE AND POSITION OF 
TOOTH ON SCREEN; e.g.: 
IF counters 2, THEN: 
xof=3.095; 
yof=0.055; 

ToothNm$=l-L2 BiCuspid' 



I 



3580 OPEN AND READ 'SEQUENTIAL' 
DATA FILE OBTAIN BEGINNING AND 
END OBJECT NUMBER. 



I 



3585 SET WINDOW SPECIFICATION; 
MOVE SCREEN COORDINATES SUCH 
THAT PARTICULAR TOOTH PROFILE 
OCCUPIES ENTIRE SCREEN. 




FIG. 2Z-2 
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CREATE INITIAL INSIDE TOOL PATH (IITP); GENERATE ONE PARALLEL 
LINE LOCATED TOOL RADIUS (ToolRad) INSIDE TOOTH PROFILE LINE. 



3595 CREATE INITIAL BRACKET BASE COMPENSATION TOOL PATH (IBCTP); 

GENERATE ONE PARALLEL LINE LOCATED A DISTANCE EQUAL TO THE 
BRACKET BASE DIMENSION (BRel) MINUS THE TOOL RADIUS OUTSIDE EACH 
LINE REPRESENTING THE TOOTH PROFILE (PR. 



I 



3600 CREATE BRACKET BASE THICKNESS COMPENSATION TOOL PATH: 
(a) CONSTRUCT A LINE ABOVE, PARALLEL TO, AND HALF THE BRACKET PAD 
HEIGHT (BPH) FROM. THE ARCHWIRE PLANE; 
(b) DETERMINE THE UNE SEGMENT ON THE INSIDE TOOL PATH THAT 

INTERSECTS (a); 

(c) DETERMINE THE LINE SEGMENT ON THE BRACKET BASE COMPENSATION 
TOOL PATH THAT INTERSECTS (a); 
(d) CONNECT THE BEGINNING OF (b) WITH THE END OF (c); 

(e) DELETE LINE SEGMENTS BEFORE (b); 

(f) DELETE ALL LINE SEGMENTS AFER (c); 

(q) ADD A CUTOFF LINE (COi) TO THE BEGINNING OF THE INITIAL BRACKET 
^ BASE COMPENSATION TOOL PATH; 

(h) ADD A CUT OFF LINE (CO2) TO THE END OF THE INITIAL INSIDE TOOL PATH. 



FIG. 2Z-3 



'3604 
^EXIL 




3610T 



CREATE A REFERENCE CLEARANCE PATH (RCP) OF LINE SEGMENTS 
SPACED 0.080 OUTSIDE EACH LINE SEGMENT OF THE TOOTH PROFILE; 
CENTER JIG BLANK CIRCUUR OUTLINE ON PROFILE; 



I 



3615 PLACE OUTSIDE TOOL PATH BASE ON 
REFERENCE PATH 



I 



3620 CREATE THE ACTUAL TOOL PATH (TP): . 
a) FORM END OF LABIAL CUT OFF LINE COUNTERCLOCKWISE, GENERATE A LINE 
' CONGRUENT WITH EACH LINE REPRESENTING THE INSIDE TOOL PATH (ITP), 
THE BRACKET COMPENSATION TOOL PATH (BCTP), THE ARCHWIRE SLOT TOOL 

PATH (ASTP) AND THE CLEARANCE TOOL PATH (OTP); 
(b) FROM END OF THE LABIAL CUT OFF LINE COUNTERCLOCKWISE, GENERATE A 
CIRCLE REPRESENTING THE Endmlll AT EACH END POINT OF (a). 



FIG. 2Z-5 
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CREATE AN ARCHWIRE SLOT TOOL PATH (ASTP): 
(a) DETERMINE THE DISTANCE FROM THE SURFACE OF THE TOOTH IN THE x 
DIRECTION THAT WILL ALLOW A PLASTIC SHIM TO FIT INTO THE TORQUE SLOT: 

THE DIMENSIONS OF THE SHIM ARE: 

(torque slot width) x 0.085 x 0.100; 
LnEnd=TSx+Elan-0.012+0.085-ToolRad 
WHERE: LnEnd=x LOCATION 

Elan = BRACKET In-out (10) 
(b) CONSTRUCT A LINE ABOVE AND PARALLEL TO THE ARCHWIRE PLANE SUCH 
THAT THE ENDMILL WILL GENERATE A LINE CONGRUENT WITH THE BRACKET 
TORQUE SLOT WALL; THE HEIGHT ABOVE THE ARCHWIRE PLANE IS: 
(torque slot width)/2 • ToolRad; 

(c) DETERMINE THE LINE SEGMENT ON THE BRACKET BASE COMPENSATION 
TOOL PATH THAT INTERSECTS (a); 
(d) DELETE (b); 

(e) CONSTRUCT A LINE BELOW AND PARALLEL TO THE ARCHWIRE PLANE SUCH 
THAT THE ENDMILL WILL GENERATE A LINE CONGRUENT WITH THE BRACKET 

TORQUE SLOT WALL 
THE HEIGHT ABOVE THE ARCHWIRE PLANE IS: 
(torque slot width)/2 • ToolRad. 
(0 DETERMINE THE LINE SEGMENT ON THE BRACKET BASE COMPENSATION 

PATH THAT INTERSECTS (a): 
THIS IS POINT 8: PBx.PSy: 
(g) DELETE (e); 

(h) CONSTRUCT A UNE FROM POINT 1 (P1x,P1y) TO POINT 2 (P1X, LnEnd - 0.001); 
(i) CONSTRCUT A UNE FROM POINT 2 (Pix, LnEnd - 0.001) TO POINT 3 (Pix + 

2.5ToolRad, LnEnd - 0.001); 
(j) CONSTRUCT A UNE FROM POINT 3 (Pix + 2.5ToolRad, LnEnd • 0.001) TO POINT 4 

(Pix + 2.5ToolRad, LnEnd); 
(k) CONSTRUCT A UNE FROM POINT 3 (Pix + 2.5ToolRad, LnEnd- 0.001) TO POINT 4 

(Pix + 2.5ToolRad, LnEnd); 
(I) CONSTRUCT A UNE FROM POINT 5 (P2x - 2.5ToolRad, UlEnd) TO POINT 6 (P2x • 

2.5ToolRad, LnEnd - 0.001); 
(m) CONSTRUCT A UNE FROM POINT 6 (P2x - 2.5ToolRad, LnEnd - 0.001) TO POINT 

7 (P2X, LnEnd - 0.001); 
(n) CONSTRUCT A UNE FROM POINT 7 (P2x. UiEnd - 0.001) TO POINT 8 (Plx.P8v) 
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13625; 3625 CREATE A CNC MACHINE CODE AND WRITE IT TO FILE: 
ta) WRITE PCount GENERATED P-CODE ROUTINE NOMENCLATURE TO FILE: 



IF PCount<=3, THEN: 



ELSE: 



) 



{ PCount$=str(pcOUNT}; 
strext{count$,PCount$,0,1 ); 
strcal(one$,"PO",count$) ; 
{ d$=str(PCount); 
strext(count$,d$.0.2); 
strcat(one$,"P'.count$); } 

WRITE(h1.one$); 

(b) WRITE RAPID TO 0.020 ABOVE WORKPIECE TO FILE: "GOO G90 Z.020"; 

(c) DETERMINE END OF INITIAL LINE AND NAME AS Pix AND P1y; 

(d) DETERMINE STARTING POSITION RELATIVE TO JIG BLANK CENTER: 

GStftx=P1x-Toolx: 
GStity=P1Y-Tooly; 

strcat(lwo$,"GOO G91 X",str(GStrtx),''Y".str(GStrty)); 
WRITE(h1,two$); 

(e) CREATING PECKING MOTION TO CLEAR WORKPIECE ENTRANCE: 

WRrrBhl.-GOl G90Z-.055 F1.0"); 
WRITE(hi;G00 A.020'); 
WRITE(h!."G01 Z-.055 P1.0"); 
(0 CREATE EACH INCREMENTAL MOVE 
AND WRITE TO FILE: 
isCutStrt + 1; 
WHILE j<=CutEnd do 

{ inqobj(l,10,Begx,Begy,Endx,Endy); 
P2x=Endx; 



P2y=Endy; 
addobj{40,P2x,P2y,ToolRad); 
x=P2x-P1x; 
y=P2y-P1y; 



IF l=CutStrt + 1 THEN 
{ five$="; 

stfcat(five$;G01 G91 
X",str(x),T,str(y),''F1.5'')' 
WRITE{h1,rive$); } 

ELSE 

{ five$=" 

strcat(five$;X",str(x),"Y",str(y)); 
write(h1,five$); } 
P1x=P2x; 
P1y=P2y; 



(g) DETERMINE AND CREATE LAST MOVE TO CLOSE LOOP: 

lnqobj(CutStft, 1 0.Begx,Begy,Endx.Endy); 

addobj(10,Endx%01 ,Endy,Endx+.01 ,Endy); 

addobj(10,ENdx.Endy-.01,Endx,Endy+.01); 

P2x=Endx; 

P2y=Endy; 

x=P2x-P1x; 

y=P2y-P1y; 

six$-"'; 

strcat{six$;X",str(x);Y",str(y)); 
WRITE(h1,six$); 

(h) TURN ON ABSOLUTE TO MOVE .500 ABOVE WORKPIECE AND P-CODE: 

WRITE(hi;G00 G90 Z.5"); 
WRITE(hi;M12"); 



FIG. 2Z-6 
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FIG. 3 
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SUBSTITUTE SHEET (RULE 26) 
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LARGER 
CIRCLE 
CENTER 




FIG. 5 



RGER CIRCLE SEGMENT 



SMALLER CIRCLE SEGMENT^^ 



FIG. 5A 




CUBIC 
SPUNE 
EQUATION 



SMT 




FIG. 5D 
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FIG. 5E 



hs, ks 



p1x, p1y 




hs, ks 



hi, kl 



p2x, p2y 



Spline Seg. No. 1 
Circle Seg. Nos. 1 and 2 




p2x. p2y 



p1x, p1y 



Spline Seg. No. 2 
Circle Seg. Nos .3 and 4 



FIG. 5G 




p1x,p1y 
Spline Seg. No. 3 
Circle Seg. Nos. 5 and 6 



hi, kl 



FIG. 5H 




p1x, p1y 



Spline Seg. No. 4 
Circle Seg. Nos. 7 and 8 




Spline Seg. No. 5 Spline Seg. No. 6 

Circle Seg. Nos.9 and 10 Circle Seg. No.'s 11 and 12 



FIG. 51 



FIG. 5J 
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CIRCLE SEGMENTS 



CI 




FIG. 5L 

CV I1x, I1x 



DCP 



FIG. 5K 

EXPANDED CIRCLE SEGMENTS 




End X, End y 



Beg X, Beg y 



I1x, I1x 

End X, End y 




Beg X, Beg y 



FIG. 5M 



CIRCLE 
SEGMENTS 



DCP OF. 
CENTRAL" 





EXPANDED 
SETMENTS 



FIG. 50 



MCP OF 
LATERAL 



SUBSTITUTE SHEET (RULE 26) 



ICP 



DCP 
MCP Line 




MCP 
Line 
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IN PLANE OF OCCLUSION BCP (Z=MCH): 




PROFILE PLANE COORDINATES: 

Y COORDINATE = Z IN ARCH PLANES FIG 7C 

X COORDINATE = LABIAL (La) DIRECTION IN ARCH PLANES ^ ' 




wo 94/10935 



PCT/US93/10858 



FIMOC 




48/54 

MAAF 

- CLEARANCE 
^ BFBCE CRu,i 
LIMOC 



FiM0C2 
UMOC2 

CRu^ 



FIG. 7D 



MAO1 -H 




FIMOC3 



LIMOC 



CENTRALS 



MOC (BCP 
MAO2 _^ 

LATERALS CUSPIDS 




MAO3 




FIG. 8A 



wo 94/10935 



49/54 



PCT/US93/10858 



UL- 




wo 94/10935 



51/54 



PCr/US93/10858 




wo 94/10935 



PCT/US93/10858 



52/54 



FIG. 9 bc.H- 
bo H -, 



Holder 
Tilt bo. 
Axis 



.l3 



Llkj FIG. 9A 



be. 




lYPT 



FIG. 9C 



FIG. 9B 





POINT 9 



FIG. 9E 




bc_H 



FIG. 9D 

THETA 





POINT 8 



POINT 9 



FIG. 9G 



lYPT 




BETA ^ 
-JHETA 




POINT 8 



POINT 9 
POINT 7 



2A 




THETA 



FIG. 9F 



FIG. 9H 




POINT 9 



wo 94/10935 PCr/US93/10858 

53/54 




wo 94/10935 



54/54 



PCTAJS93/10858 




!NTERNAT!ONAL SEARCH REPORT 



inter tui Apfiiicaaoo No 

PCT/US 93/10858 



A. CLASSIRCATION OF SUBJECT MATTER 

IPC 5 A61C7/00 A61C13/00 



According lo Inttmattonal Paunt Qanificatton (tPQ or to both nadonal clamficaaon ind IPC 



B. HE LOS SEARCHED 



Mirumum documoitation searched (dasiikatioo sysiem foUowed by dasoficatton tymbols) 

IPC 5 A61C 



Documenuuon searched other than minimum documenudon to the exieni (hat such documenu are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where prtcQcal, search terms used) 



C- DOCUMENTS CONSIDERED TO BE RELEVANT 



Cattgory * Guiion of document, with indication, where appropriate, of the rtlevant passages 



Relevant to claim No. 



EP.A,0 502 227 (ANOREIKO) 9 September 1992 



see the whole document 

W0,A,90 08512 (DOLPHIN IMAGING SYSTEMS) 9 

August 1990 

see the whole document 



I, 2,6,9, 

II, 18, 
23,29, 
30,33 



□ 



Rirther dooments are listed lo the continuation of box C 



m 



Patent family 



are listed in 



* Special caugories of cited docomeatt : 

'A' document defining (he general stale of ttae art wtoch is not 

consdered to be of particular fdevaoce 
'E' earlier document but p<rtilished on or after the international 

filing dau 

*L* document which may throw dooba on ptiority claifn<s) or 
which it dted to rtlaWW* the publication date of aDOUier 
dtaiion or other spcdal reason (as specified) 

'O* document refcntog to an oral disdoture, use. cxhibiticB or 
odker means 

'P* document published pHor to the international filing date but 
later than the pnority date dainted 



T" later document published after the intenutional filing date 
or priority date and not in confiiet with the amticabon but 
dted tt> understand the prindple or theory unoerlying the 
invention 

"X* document of pa^cutar rdevanoe; the claimed invention 
canrtot be consdered oovd or caimot be cocoidered to 
involve an inventf ve step when the document is taken alone 

'Y' document of panacidar rdevance; (be daimed invention 
carmot be considered in involve an inveiulve step when the 
document is oonhlited with one or mere other such docu* 
mentit cudi combination being obvioui to a person skilled 
in the aiL 

document member of the same patent family 



Date of me acnial completion of the International search 



22 February 1994 



Date of mading of the international search report 



Name and mailing address of the ISA 

European Patent Office, P.B. SSI 8 Patenttaan 2 
NL • 32S0 HV Rijswijk 
Td.< + 31-70) 340.2040, Tx. 31 651 eponl. 
Fax ( + 31-70) 340-3016 



Auduhzed officer 



Vanrunxt, J 



Form PCT/13A/310 (moAtf ttictt) (July 1993) 



INfTERNATIONAL SEARCH REPORT 

jifcrmftson on patent funily mcmboi 



Inter «ial ApplicAtioa No 

PCT/US 93/10858 



Patent document 
died in search report 



Pubtic^on 
date 



Paient famihr 



PublicaUon 
date 



EP-A-0502227 
WO-A-9008512 



09-09-92 
09-08-90 



NONE 



US-A- 
AU-A- 



5011405 
5097090 



30-04-91 
24-08-90 



Farm PCT,15A/aiO (p»i*nl fimily «nntk) puly 1992) 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the appHcant: 

Defects in the images include but are not limited to the items checked: 

13 BLACK BORDERS 

IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

^^tfiLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



